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AMENDED APPEAL BRIEF UNDER 37 C.F.R. S 4L37 



Appellant appeals to the Board of Patent Appeals and Interferences (the "Board") from 
the Examiner's rejection of claims 8-29. A notice to this effect was filed on January 13, 2006 
and received by the Patent Office on January 23, 2006. An original Appeal Brief (the "Original 
Brief) was filed on August 21, 2006 with a Petition under 37 C.F.R. § 1.136 for a five (5) month 
extension of time, from March 23, 2006, up to and including August 23, 2006. This Original 
Brief was mistakenly filed under the old procedures of 37 C.F.R. § 1 . 1 92. A Notice of Non- 
Compliant Appeal Brief was mailed on September 6, 2006 setting a deadline for filing an 
Amended Brief that complies with the new requirements of 37 C.F.R. § 41.37 by October 6, 
2006. This Amended Brief is therefore timely filed on September 28, 2006. 
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REAL PARTIES IN INTEREST 

As a result of assignments by the inventors in parent application U.S. Serial No. 
09/430,508 (filed October 29, 1999), the real parties in interest in this application are the 
President and Fellows of Harvard College ("Harvard") and the Board of Trustees of Leland S. 
Stanford Junior University ("Stanford"). The assignments to Harvard and Stanford were 
recorded in the Patent and Trademark Office on March 20, 2000 at Reel 010691, Frames 0402 
and 0291, respectively. 
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RELATED APPEALS AND INTERFERENCES 

Appellant has filed an Appeal Brief for co-pending application U.S. Serial No. 
09/430,508 that addresses some issues that overlap with the issues presented here. No other 
appeals or interferences are known to the Appellant, the Appellant's legal representative, or the 
Appellant's assignee that wdll directly affect or be directly affected by the Board's decision in 
this appeal. Similarly, no such appeals or interferences are knovra that may have a bearing on 
the Board's decision in this appeal. 
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STATUS OF CLAIMS 

The application was filed with claims 1-7. Claims 1-7 were canceled in an Amendment 
filed April 1, 2003; claims 8-29 were added. Claims 8 and 18 were amended in an Amendment 
filed April 22, 2005. Claims 8-29 were finally rejected in an Office Action mailed July 15, 2005. 
The rejection of claims 8-29 is hereby appealed. A listing of pending claims 8-29 is provided in 
the attached Claims Appendix. 
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STATUS OF AMENDMENTS 

There are no outstanding amendments to the claims. 
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SUMMARY OF CLAIMED SUBJECT MATTER 

Dimerization (or generally oligomerization) of proteins is a biological control mechanism 
that contributes to the activation of cell surface receptors, transcription factors, vesicle fusion 
proteins and other classes of intra- and extracellular proteins. The invention described in the 
present application relates generally to the regulation of this dimerization process using non- 
peptidic "dimerizing" agents. 

Claims 8-18 

Independent claim 8 and dependent claims 9-18 are directed to methods for preparing an 
agent that effects a biological event by the association of endogenous cell surface receptors. 
Specifically, the claimed method involves preparing an agent that includes a first non-peptidic 
moiety that binds to one of the cell surface receptor molecules covalently linked with a second 
non-peptidic moiety that binds to the other cell surface receptor molecule. The resulting 
dimerizing agent binds to both cell surface receptors. The claimed methods are described inter 
alia on page 5, lines 10-23; page 11, line 12 to page 15, line 3; page 19, line 10 to page 21, line 
19; page 36, line 1 1 to page 37, line 16; and Figures 2-3. 

Claims 19-29 

Independent claim 19 and dependent claims 20-29 are directed to methods for preparing 
an agent that effects a biological event by the association of different protein mediators. The 
claimed method is not limited to agents that cause the association of cell-surface receptors. In 
addition, the two covalently linked non-peptidic moieties must be different. These methods are 
described in the same sections of the specification that were cited above with regards to claim 8. 
Specific discussion of these methods can be found inter alia on page 5, lines 19-22; page 7, lines 
12-14; page 11, lines 17-18; and page 12, line 22 to page 13, line 2. 
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GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

The grounds of rejection to be reviewed on appeal are: 

(1) Are claims 8-29 invalid for lack of written description under 35 U.S.C. § 1 12? 

(2) Are claims 8-27 anticipated under 35 U.S.C. § 1 02(b) by Wold (Methods 
Enzymology 11:617-640, 1966)? 

(3) Are claims 8-29 anticipated under 35 U.S.C. § 1 02(b) by Ji (Methods 
Enzymology 91:580-609, 1983)? 
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GROUPING OF CLAIMS 

For the reasons discussed below in the Argument section, the claims stand or fall together 
for purposes of ground of rejection numbered (1) above, as indicated below: 

(1) Claims 8, 9, 12, 19, 20, 21, 28 and 29 stand or fall together. 

(2) Claim 10 stands or falls alone. 

(3) Claim 1 1 stands or falls alone. 

(4) Claim 13 stands or falls alone. 

(5) Claim 14 stands or falls alone. 

(6) Claim 15 stands or falls alone. 

(7) Claim 1 6 stands or falls alone. 

(8) Claim 17 stands or falls alone. 

(9) Claim 1 8 stands or falls alone. 

(1 0) Claims 22-24 stand or fall together. 

(1 1) Claims 25-26 stand or fall together. 

(12) Claim 27 stands or falls alone. 

For the reasons discussed below in the Argument section, the claims stand or fall together 
for purposes of ground of rejection numbered (2) above, as indicated below: 

( 1 ) Claims 8- 1 6 and 1 8-27 stand or fall together. 

(2) Claim 17 stands or falls alone. 

For the reasons discussed below in the Argument section, the claims stand or fall together 
for purposes of ground of rejection numbered (3) above, as indicated below: 

(1) Claims 8-16 and 1 8-27 stand or fall together. 

(2) Claim 1 7 stands or falls alone. 

(3) Claims 28-29 stand or fall together. 
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ARGUMENT 



Ground of Rejection 1: 

Claims 8, P, 72, 19, 20, 21, 28 and 29 are not Invalid for Lack of Written Description 

The pending claims stand rejected for lack of written description. In particular, the 
Examiner states that the disclosure in the specification does not reasonably convey to one skilled 
in the art that the inventors had possession of the claimed invention at the time the application 
was filed. This rejection is respectfully traversed; reconsideration and withdrawal is requested. 

The written description requirement imposes a duty on patent applicants to notify the 
public of the scope and content of their inventions. The requirement is satisfied if one skilled in 
the art would reasonably conclude that the inventors were in possession of the claimed invention 
at the time the patent application was filed. Vas-Cath, Inc. v. Mahurkar, 935 F.2d 1555 (Fed. 
Cir. 1991). See also Guidelines for Examination of Patent Applications imder the 35 U.S.C. § 
1 12, f 1, "Written Description" Requirement, 66 Fed. Reg. 4, 1099 (2001). A determination of 
whether the written description requirement is satisfied requires reading the disclosure in light of 
the knowledge possessed by those skilled in the art at the time that the application was filed. In 
re Alton, 76 F.3d 1168 (Fed. Cir. 1996). 

This application claims methods for preparing certain non-peptidic "dimerizing" agents 
that effect biological events mediated by the association of protein mediators. The "dimerizing" 
agents bind and thereby cause the protein mediators to associate. 

As a preliminary matter, Appellant has previously noted that, as set forth in the disclosure 
(see for example page 9, lines 6-8), it was well established in the art at the time the application 
was filed that the relevant biological events necessarily occur whenever the appropriate proteins 
are associated. Only imprecise association is required. Appellant has therefore argued that a 
description of binding is by necessity also a description of effecting. 

To support this argument. Appellant previously submitted a reference by Spaargaren et 
al. demonstrating (in 1991, see Exhibit A) that a variety of different bivalent antibodies to the 
EGF receptor all successfully activated the receptor. The different antibodies recognized 
different epitopes on the receptor and therefore presumably bound in different ways fi-om one 
another, as well as from its natural ligand. However, any binding that accomplished 
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oligomerization also achieved activation. Previously cited references by Watowich et al. (see 
page 9, lines 8-12, Exhibit B) and Fuh et al. (see page 9, lines 12-15, Exhibit C) similarly 
demonstrated (in 1992) activation of EPO receptors and GH receptors, respectively, through 
association achieved by engineered disulfide bonds or bivalent antibodies. In each of these 
references, association, regardless of how achieved^ effected a biological event. As further 
evidence that this correlation was recognized in the art, Appellant also provided a 1994 article by 
Austin et al. (see Exhibit D) that states (in the context of the present invention): 

"It is easy to imagine the mixing and matching of different protein-binding surfaces using 
synthetic organic chemistry, to create new dimerizers with tailor made properties. Since 
protein dimerizers simply create a high local concentration of a particular protein at a 
particular cellular location, their actions will not require the geometric precision 
associated with allosteric agents'' (see page 136, emphasis added). 

Thus, Appellant respectfully submits that association of protein mediators triggers their 
activation and therefore, for the purposes of the present written description question, a 
description of binding is necessarily a description of effecting in the context of the present 
claims. 

In the most recent Office Action mailed July 15, 2005, the Examiner disputes this 
argument (see paragraph spaiming pages 4-5). Specifically, the Examiner argues that the 
references only "disclose [. . .] activation for particular instances" and that this is insufficient to 
show that "all binding Ms necessarily a description of effecting''' Appellant respectfully submits 
that the references provide a far stronger correlation between binding and effecting than the 
Examiner suggests. Indeed, the references demonstrate that a range of different receptors (e.g., 
EOF receptors, EPO receptors, GH receptors, etc.) can be successfully activated by simple 
association and that this activation is independent of the nature of the association (e.g., it works 
with bivalent antibodies, covalent cross-linking via disulfide bridges, etc.). Appellant 
respectfully submits that this strong correlation between binding and effecting must have a 
significant impact on the amount and nature of the description necessary to satisfy the written 
description requirement. 

The Examiner also challenges Appellant's reliance on the aforementioned quote from 

Austin arguing that Austin does not state that "all and any agents that bind to a receptor, 
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necessarily trigger a biological effect" (see page 4 of Office Action mailed July 15, 2005). The 
Examiner then implies that Austin did not recognize the correlation but merely "speculates that 
one can create dimerizers with 'tailor made properties' that 'simply create a high local 
concentration of a particular protein at a particular cellular location'" (see top of page 5 of Office 
Action mailed July 15, 2005). Appellant respectfully submits that when viewed in their full 
context, the quoted statements in Austin are far more powerful than the Examiner suggests. 
Indeed, the whole premise of the Austin reference is that by targeting proteins that are activated 
■ by "dimerization," the inventive "dimerizing" agents need only create a high local concentration 
of a particular protein at a particular cellular location in order to trigger a biological event (e.g., 
see page 131 of Exhibit D). As explained in the clause that directly follows the section quoted 
by the Examiner, this is in stark contrast with the more stringent requirements of "allosteric" 
agents that trigger biological events by inducing allosteric (i.e., conformational) changes in the 
structures of a protein mediator ("[s]ince protein dimerizers simply create a high local concentration of 
a particular protein at a particular cellular location, their actions will not require the geometric precision 
associated with allosteric agents-)- Appellant respectfully submits that Austin clearly supports the 
position that, for the purposes of the present invention, a description of binding is by necessity 
also a description of effecting. 

Given that binding and effecting are simultaneously described in the present case. 
Appellant has urged that the written description standard articulated explicitly for antibodies is 
equally applicable here. That is, in Noelle v. Lederman, 355 F.3d 1343 (Fed. Cir. 2004), the 
Federal Circuit held that "as long as an applicant has disclosed a 'fully characterized antigen,' 
either by its structure, formula, chemical name, or physical properties, or by depositing the 
protein in a public depository, the applicant can claim an antibody by its binding affinity to that 
described antigen" {emphasis added). Id at 1349. Thus, when the antigen is fully defined, the 
antibody is also described. Echoing the USPTO Written Description guidelines, the court listed 
three factors to support this conclusion, namely "the well defined structural characteristics for the 
five classes of antibody, the fimctional characteristics of antibody binding, and the fact that the 
antibody technology is well developed and matiire." Id In iVoe/Ze, the patent applicant 
ultimately failed to satisfy tiie written description requirement because he had failed to isolate 
and thereby characterize the antigen. Id. 

In the present case, there is no dispute that the target is fully defined (e.g., see tiie 
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description of representative protein mediators on pages 7-1 1 and references cited therem). 
Appellant further submits that consideration of the three Noelle factors reveals the strong 
parallels between the present situation and the antibody case addressed in Noelle. 

With respect to the first factor, it is correct that antibodies, as a class of molecules, have 
well defined structural characteristics and structural similarities. However, these characterisnes 
and similarities are irrelevant to their binding capabilities, to fact, the portion of an antibody that 
is responsible for its birtding attributes is referrrf to as the variable portion precisely because .ts 
amino acid sequence differs from that of ofl.er antibodies. It is not possible in advance to 
detennine which variable region sequences will allow an antibody to bind to a particular antigen. 
The relevant structural chamcteristics of antibodies are titerefore no more well defined than tttose 
of the claimed oligomerizing agents. In ti>is context, the Examiner stated in the most recem 
Office Action that tite wrinen description requirement is not satisfied in flus case because "the 
skilled artisan cannot envision the chemical structure of the encompassed genus of agents whtch 
will bind to two cell surface receptors in a manner which results in an effect on a biological evem 
mediated by flte association of said receptors, and therefore conception is not achieved until 
reduction to practice has occurred, regardless of the complexity or simplicity of flte method of 
isolation or identification" (see bottom of page 5 of Office Action mailed July 15, 2005). 
Appellant respectfirlly submits tftat this argument camtot be reconciled with the holdmg m 
Noelle Indeed, for flte aforementioned reasons, a skilled artisan could not have "envisioned the 
chemical structitre of a genus of antibodies" without making titem and yet ti>e court in Noelle 
would have been willing to allow claims to that very genus. It is flterefore apparent that 
reduction to practice and precise chemical sti:uctures are not necessarily required m orier to 
satisfy the written description requirement. 

With respect to the second factor, the relevant "functional characteristics" in Noelle were 
the ability of the antibodies to bind to a known antigen. In this case, the "dimerizing" agents are 
non-peptidic agents that bind to a known target. The parallel is clear and inescapable. 

With respect to the third factor, the Noelle court's reference to antibody technology as 
"well developed and mature" must reston the conclusion that thoseof ordinary skill in the art 

could be confident m advance that, given a well characterized antigen, they would be able to 
identify and produce antibodies that bind to it. Hie same holds true in the present case. 
Technologies for identifying non-peptidic agents that bind to a given target were well estabhshed 

-12- 

Reference No.: 2003028-0048 (Ariad 331D USDl) 

U.S-S.N: 09/834.424 
41 27976V 1 



at the time the present application was filed. A variety of such agents were already known and 
available (see, for example, page 14 of the specification). As discussed in the 1994 review 
article by Gordon et al. (see Exhibit E, especially pages 1390-1392), combinatorial libraries of 
agents were being developed (see also Bunin et al., Exhibit F and DeWitt et al,, Exhibit G that 
are cited by Gordon et al.). A whole host of binding assays for screening these diverse agents 
were also known (see, for example, pages 15-19 of the specification). In fact, high-throughput 
screening systems for identification of binding agents were being used at the time the present 
application was filed. Appellant has previously submitted a review by Burch et al, (see Exhibit 
H) that discusses the state of high-throughput screening methods in 1991. The 1994 review 
article by Gordon et al. is also relevant (see Exhibit E, especially pages 1393-1397). Thus, at the 
time the present application was filed, the starting materials and technology for identifying 
oligomerizing agents that bind to a known, defined target, were both established. Furthermore, 
Appellant respectfully submits that a person skilled in the art would recognize in advance that for 
any given protein mediator many suitable oligomerizing agents will exist. Thus, as v^th 
antibodies, the universe of suitable oligomerizing agents that one has to choose from is large and 
there are in effect multiple correct answers to the same question. The practitioner need only 
identify one of these answers. This is in stark contrast to inventions involving a single gene, 
protein or allosteric agent where the search is for a imique entity with a unique structure. In 
those cases there is only a single correct answer. 

The Examiner has so far resisted application of the Noelle standard in this case, stating 
that "while methods of isolation may be known in the art, the existence of such methods of 
potentially isolating agents which meet the functional limitations of the claims is not sufficient to 
show that applicants had possession of the invention, i.e,, invented what is now being claimed" 
(see page 6 of Office Action mailed July 15, 2005), Appellant respectfully submits that the 
Examiner has failed to address the fact that in Noelle the court explicitly held that possession of 
the invention can be based on the existence of such methods. 

The Examiner may well be resisting application of the Noelle standard on the ground that 
the technology for making oligomerizing agents was arguably not as mature as the technology 
for making antibody binding agents. If so, Appellant would respectfully submit that the proper 
question is not whether the present specification describes a process that will necessarily make 
every oligomerizing agent encompassed by the claims, but rather whether a person of ordinary 
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skill in the art, reading the specification, would understand that the inventors were "in possession 
of the claimed invention. That is, would a person of ordinary skill in the art have understood 
that the claimed invention could successfully be practiced, based on the specification? To this 
question, the answer is clearly "yes." 

Indeed, Appellant notes that the specification includes references to a variety of binding 
agents (e.g., benzodiazepines, prostaglandins, beta-turn mimetics, alpha- and beta-blockers, etc. 
on page 14, lines 7-11 of the specification) that were available at the time the application was 
filed, and that were known to bind protein mediators of biological events. Collections of 
synthetic compounds and combinatorial libraries of compounds were also available (see page 19, 
lines 1-2 and Exhibits E-G). The specification also defines the characteristics and methods that 
could be used to test these and other agents for desirable binding ability (see, for example, pages 
1 5-19). Thus, a huge number of useful agents were already knovra and available in the art; 
others could readily be identified as they came available. An oligomerizing agent for a protein 
mediator of interest could therefore be prepared by selecting a known binding agent or by 
screening available agents for binding against the protein mediator. No further guidance is 
required to describe possession of the invention. 

In this context, the Examiner in parent application U.S. Serial No. 09/430,508 has 
characterized the process for preparing oligomerizing agents as a method of "identifying" as 
contrasted with the process for preparing antibodies which he characterized as a method of 
"making" ("identifying something is not the same as making something"). Should the Examiner 
in this case make a similar argimient. Appellant would respectfully submit that this 
characterization is misleading. Indeed, while the process for preparing an oligomerizing agent 
might in some situations require a step of screening agents for binding to the protein mediator of 
interest, this is no different than the process for preparing antibodies. Indeed, the final step in 
any antibody preparation process involves screening hybridomas to identify those that produce 
antibodies against the antigen of interest. Thus, the mere fact that a screening or "identification" 
step might be involved in the present invention does not distinguish it from the situation in 
Noelle. 

Finally, Appellant has previously provided objective evidence that those of ordinary skill 
in the art, presented with teachings of the type found in the present specification, immediately 
recognize their generality and breadth, even when only limited exemplification is provided. 
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Specifically, Appellant has cited references by Qureshi and Tian, published after the filing of the 
present case, that report examples of oligomerizing agents of the type whose use is encompassed 
by the present claims. Qureshi provides a single example of an oligomerizing agent that 
dimerized the EPO receptor and concluded that "most cytokine receptors can be ligated together 
in an active conformation by a nonpeptidyl molecule" (see Exhibit I, last sentence, page 12161); 
Tian tested a single oligomerizing agent that dimerized the G-CSF receptor and concluded that 
"a small molecule can trigger the activation of a large (--120 kD) receptor protein that requires 
dimerization for activation" (see Exhibit J, last sentence, page 259), In each case, a single 
example justified broad conclusions because those of ordinary skill in the art inmiediately 
understood it would work, that Qureshi and Tian were "in possession of broad discoveries. 

Of further note, both Qureshi and Tian identified their binding agents by screening 
libraries of known compounds using a high-throughput assay for each receptor (see page 12158 
of Qureshi and page 257 of Tian). Qureshi screened known antagonists of the EPO receptor and 
then linked eight copies of a preferred antagonist together to form an oligomerizing agent. Tian 
screened libraries of small molecules directly for oligomerizing agents. While both agents were 
identified after the present application was filed, the routine methods used reinforce the fact that 
the identification of binding agents is no more burdensome than the preparation of antibodies. 
This was recognized in a 1999 article by demons commenting that Tian's work suggested "the 
synthetic attainability of a wide range of receptor dimerizers" and conclusively showed that 
synthetic nonpeptidyl ligands can mimic the effects of polypeptide growth factors (see Exhibit K, 
especially page 1 14). 

The Examiner has repeatedly rejected Appellant's arguments with regard to Qureshi and 
Tian on the ground that the particular agents used by Qureshi and Tian were not described in the 
specification and therefore cannot be relied upon as evidence that the present specification 
teaches a sufficient number of representative examples. Appellant does not rely on Qureshi and 
Tian as evidence that the present specification teaches a sufficient number of representative 
examples. Appellant refers to the specification and knowledge in the prior art to make that point. 
Rather, Appellant relies on Qureshi and Tian to provide objective evidence that only a small 
number of specific examples (only one!) is required to describe the present invention to those of 
ordinary skill in the art. The present specification contains abundant description, and fully 
satisfies the written description requirement. 
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Independent claims 8 and 19 and dependent claims 9, 12, 20, 21 and 29 stand or fall 
together based on the aforementioned arguments. The following claims stand and fall separately 
from these and other claims for the following reasons. 

Claim 10 is not Invalid for Lack of Written Description 

Claim 10 specifies that the biological event is mediated by the association of cell-surface 
receptors for a growth factor, cytokine, or hormone. The universe of receptors whose 
oligomerization is achieved in the methods of claim 10, is smaller than that of claim 8, so that the 
level of description in the specification required would be reduced as compared with claim 8. 
Thus, even if claim 8 were not ftilly supported by the specification, claim 10 would be. 

Claim 11 is not Invalid for Lack of Written Description 

Claim 1 1 is even more specific than claim 10, naming particular receptors. Even if 
claims 8 and 10 were not supported, claim 1 1 would be. 

Claim 18 is not Invalid for Lack of Written Description 

Claim 18 lists a different set of receptors from claim 1 1 and is also separately patentable. 

Claim 13 is not Invalid for Lack of Written Description 

Claim 13 specifies that the oligomerizing agent binds to a cytoplasmic portion of the 
receptor. The focus on a binding portion may simplify the identification of oligomerizing agents 
whose use falls within the scope of the claims. Thus, even if claim 8 were foimd not described, 
claim 13 would be. 

Claim 14 is not Invalid for Lack of Written Description 

Claim 14 specifies that the oligomerizing agent binds to a extracellular portion of the 
receptor. The focus on a binding portion may simplify the identification of oligomerizing agents 
whose use falls within the scope of the claims. Thus, even if claim 8 were found not described, 
claim 14 would be. Furthermore, agents that bind to extracellular portions of a receptor could 
activate signal transduction without crossing the cell membrane, whereas agents that bind to 
cytoplasmic portions need to be cell permeant. Thus, claims 13 and 14 have separate bases for 
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patentability. 



Claim 15 is not Invalid for Lack of Written Description 

Claim 1 5 recites methods in which the oligomerizing agent has a particularly high 
affinity for the receptor. The specification provides appropriate guidance for identifying and 
using that set of oligomerizing agents; claim 15 is separately patentable from the other claims. 

Claim 16 is not Invalid for Lack of Written Description 

Claim 16 recites methods in which the oligomerizing agent includes non-peptidic 
moieties that have a molecular weight less than 5 kD. The universe of non-peptidic moieties that 
have a molecular weight less than 5 kD is smaller than that encompassed by claim 8, so that the 
level of description required would be reduced as compared with claim 8. Thus, even if claim 8 
were not fully supported by the specification, claim 16 would be. 

Claim 1 7 is not Invalid for Lack of Written Description 

Claim 17 recites methods in which the oligomerizing agent is membrane permeant. The 
specification provides appropriate guidance for identifying and using that set of oligomerizing 
agents; claim 17 is separately patentable from the other claims. 

Claim 22-24 are not Invalid for Lack of Written Description 

Claims 22-24 are limited to methods in which the biological event is transcriptional 
regulation driven by the association of a protein containing a DNA-binding domain and a protein 
containing a transcriptional regulatory domain. The universe of proteins whose oligomerization 
is achieved in the methods of claims 22-24, is different than that of claim 8 and smaller than that 
of claim 19, so that the level of description in the specification required would be different or 
reduced as compared with claims 8 and 19, respectively. Thus, even if claims 8 and 19 were not 
fully supported by the specification, claims 22-24 would be. 

Claims 25-26 are not Invalid for Lack of Written Description 

Claims 25-26 are limited to methods in which the biological event is translocation of a 
selected protein to a predetermined cellular component driven by the association of the selected 
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protein and a constituent of the predetermined cellular component. The universe of proteins 
whose oligomerization is achieved in the methods of claims 25-26, is different than that of claim 
8 and smaller than that of claim 19, so that the level of description in the specification required 
would be different or reduced as compared with claims 8 and 19, respectively. Thus, even if 
claims 8 and 19 were not fully supported by the specification, claims 25-26 would be. 

Claim 27 is not Invalid for Lack of Written Description 

Claim 27 is limited to methods in which the biological event is destruction of a selected 
protein driven by the association of the selected protein and a constituent of the proteasome. The 
universe of proteins whose oligomerization is achieved in the method of claim 27, is different 
than that of claim 8 and smaller than that of claim 19, so that the level of description in the 
specification required would be different or reduced as compared with claims 8 and 19, 
respectively. Thus, even if claims 8 and 19 were not fully supported by the specification, claim 
27 would be. 
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Ground of Rejection 2: 



Claims 8-16 and 18-27 are not Anticipated by Wold 

Claims 8-27 were rejected under 35 U.S.C. § 102(b) as being anticipated by Wold, 
Methods Enzymology 1 1 :6 17-640, 1966 ("Wold"). Applicant respectfully submits that Wold 
does not anticipate the pending claims because it fails to teach each and every element of the 
claimed methods. MPEP § 2131. 

Claims 8-18 recite methods that involve an agent that binds to two or more endogenous 
cell surface receptor molecules. Claims 19-27 recite methods that involve an agent that binds to 
two or more endogenous protein mediators. Appellant has previously argued that a skilled 
person in the art readily understands that the claim term "binds" is used in the art to refer to non- 
covalent associations (e.g., between an antibody and antigen or a receptor and a ligand). 
Appellant also noted that the explicit teachings of the application (e.g., see discussion of binding 
affinities on page 1 1, lines 13-18; discussion of exemplary receptor binding moieties on page 13, 
lines 19-25; discussion of affinity assays for identifying receptor binding moieties on pages 14- 
19; etc.) conform with this interpretation and reinforce that, as used in the context of this 
application, the term "binds" refers to non-covalent associations. 

Wold does not teach methods that involve an agent that binds non-covalently to two or 
more endogenous protein mediators. Instead, Wold teaches bifunctional reagents that react with 
and thereby form covalent bridges within or between proteins. As explained by Wold (page 
617), these covalent bridges were used in the 1960s- 1980s to study and determine the three 
dimensional structures of proteins and protein complexes. Exemplary reagents that were 
reviewed by Wold in 1966 include A^-substituted maleimide derivatives that react with sulfydryl 
groups (pages 622-623); alkyl halides that react with sulfydryl groups, sulfides, imidazole, and 
amino groups (pages 623-627); aryl halides that react with amino, tyrosine phenolic, sulfydryl 
and imidazole groups (pages 627-632); etc. All of these reagents react with groups that are 
present within proteins to form covalent bonds. Based on the foregoing. Appellant has argued 
that the pending claims cannot be anticipated by Wold since it fails to teach an agent that binds 
to proteins. 

In the most recent Office Action, the Examiner maintained this prior art rejection by 

arguing that "there is no [. ..] limitation in the claims to exclude covalent binding [...]; contrary 
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to applicant's arguments, the term "binds" does not exclude covalent binding" (see page 3 of 
Office Action mailed July 15, 2005). Appellant respectfully disagrees with this line of 
reasoning. During patent examination, the pending claims must be "given the broadest 
reasonable interpretation consistent with the specification''' {emphasis added), MPEP § 21 1 1 
citing from In re Prater, 415 F.2d 1393, 1404-05 (CCPA 1969). The "broadest reasonable 
interpretation" must also be consistent with the interpretation that those skilled in the art would 
reach. MPEP § 2111 citing re Cortright, 165 F.3d 1353, 1359 (Fed. Cir. 1999). 

While this analysis must avoid importing limitations from the specification into the 
claims; it is entirely appropriate to interpret limitations that are already explicitly recited in the 
claim based on the specification. Specifically, in Prater, the court explained that "reading a 
claim in light of the specification, to thereby interpret limitations explicitly recited in the claim, 
is a quite different thing from 'reading limitations of the specification into a claim,' to thereby 
narrow the scope of the claim by implicitly adding disclosed limitations which have no express 
basis in the claim". Id Here, we are asking the Examiner to do the former permissible analysis, 
namely to interpret the explicitly recited claim term "binds" in light of the specification. As 
previously argued, the specification makes it clear to the skilled person that the term "binds" 
refers to non-covalent association. For example, on page 11, lines 13-18, the specification 
introduces the "dimerizing" agents by describing their binding properties in terms of binding 
affinities (Kd below about 10'^, more preferably below about 10"^, 10'^ or 10"^). A skilled person 
would appreciate that binding affinities are only used in reference to non-covalent associations, 
not covalent bonds. The discussion of affinity assays for identifying receptor binding moieties 
on pages 14-19 and the discussion of exemplary receptor binding moieties on page 13, lines 19- 
25 (all non-peptidic moieties that are known to bind non-covalently to proteins) further 
reinforces that the claim term "binds" refers to non-covalent associations, not covalent bonds. 
Finally, Appellant notes that the specification and claims explicitly use the terms "covalently 
linked", "covalently joined" and "covalently attached" to describe the covalent bond between the 
first and second non-peptidic moieties of the agent (e.g., see page 4, lines 25-28; page 13, lines 
7-9 and 15-17; and claims 8 and 19). A skilled person would appreciate that this further 
differentiates the claim term "binds" from covalent bonding. For all of these reasons. Appellant 
respectfully requests v^thdrawal of this rejection. 
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For purposes of this rejection, claims 8-16 and 18-27 stand and fall together based on the 
aforementioned arguments. The following claim stands and falls separately from these claims 
for the following additional reasons. 

Claim 17 is not Anticipated by Wold 

Claim 17 specifies that the "dimerizing" agent is membrane permeant. The Examiner has 
failed to point to any teaching in Wold that satisfies this limitation. 
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Ground of Rejection 3: 



Claims 8-16 and 18-27 are not Anticipated byJi 

Claims 8-29 were rejected under 35 U.S.C. § 102(b) as being anticipated by Ji, Methods 
Enzymology 91:580-609, 1983 ("Ji"). Applicant respectfully submits that Ji does not anticipate 
the pending claims because it fails to teach each and every element of the claimed methods. 
MPEP §2131. The reasoning here is identical to that presented above with respect to Wold. 

As was the case with Wold, Ji does not teach methods that involve an agent that binds to 
two or more endogenous protein mediators. Instead, Ji teaches bifimctional reagents that react 
with and thereby form covalent bridges within or between proteins. As explained by Ji (page 
580), these covalent bridges were used in the 1960s- 1980s to study and determine the three 
dimensional structures of proteins and protein complexes. Ji specifically describes covalent 
crosslinking reagents that were developed after Wold's review. Thus, Ji describes covalent 
reagents that react with specific protein groups (page 591-601) and covalent reagents that include 
photoactivable (pages 602-605) or cleavable groups (page 606-607). Nowhere does Ji remedy 
the deficiencies of Wold by teaching methods for preparing an agent that binds to two or more 
endogenous protein mediators. For these reasons and those discussed above with respect to 
Wold, Appellant respectfully requests withdrawal of this rejection. 

For purposes of this rejection, claims 8-16 and 18-27 stand and fall together based on the 
aforementioned arguments. The following claims stand and fall separately from these claims for 
the following additional reasons. 

Claim 1 7 is not Anticipated by Ji 

Claim 17 specifies that the "dimerizing" agent is membrane permeant. The Examiner has 
failed to point to any teaching in Ji that satisfies this limitation. 

Claims 28-29 are not Anticipated by Ji 

Claims 28 and 29 specify that the "dimerizing" agent is further mixed with a 
pharmaceutically acceptable carrier and optionally with one or more pharmaceutically acceptable 
excipients. The Examiner has failed to point to any teaching in Ji that satisfies this limitation. 
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CONCLUSION 

Appellant again concludes with the belief that claims 8-29 are not anticipated by the prior 
art and are well supported by the specification. Allowance of the pending claims is eamestly 
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1-7. (Canceled) 



CLAIMS APPENDIX 



8. (Previously presented) A method for preparing an agent that effects a biological event 
mediated by the association of two or more endogenous cell surface receptor molecules, the 
method comprising preparing an agent which includes a first non-peptidic moiety that binds to 
one of the cell surface receptor molecules covalently linked to a second non-peptidic moiety that 
binds to the other cell surface receptor molecule, wherein the agent binds to both cell surface 
receptor molecules. 

9. (Previously presented) The method of claim 8 wherein the biological event is mediated 
by the association of two or more molecules of the same cell surface receptor and the first and 
second non-peptidic moieties are the same. 

10. (Previously presented) The method of claim 9 wherein the cell surface receptor is a 
receptor for a cytokine, growth factor or other hormone. 

1 1 . (Previously presented) The method of claim 1 0 wherein the cell surface receptor is a 
receptor for erythropoietin ("EPO"), granulocyte colony stimulating factor ("G-CSF"), 
thrombopoietin ("TPO"), growth hormone ("GH"), interieukin-2 CTL-2"), interferon-alpha, 
interferon-beta, or a neurotropic factor. 

12. (Previously presented) The method of claim 8 wherein the biological event is mediated 
by the association of molecules of two different cell surface receptors and the first and second 
moieties are different. 

13. (Previously presented) The method of claim 8 wherein the first and second non- 
peptidic moieties bind to cytoplasmic portions of the cell surface receptors. 

14. (Previously presented) The method of claim 8 wherein the first and second non- 
peptidic moieties bind to extracellular portions of the cell surface receptors. 
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15. (Previously presented) The method of claim 8 wherein the agent binds to the cell 
svuface receptors with a Kd < 10"^ M. 

16. (Previously presented) The method of claim 8 wherein the first and second non- 
peptidic moieties have a molecular weight less than 5 kD. 

17. (Previously presented) The method of claim 8 wherein the agent is membrane 
permeant. 

1 8. (Previously presented) The method of claim 8 wherein the cell siuface receptors are 
selected from the group consisting of: 

epidermal growth factor-receptor (EGF-R), 

ataxia telangiectasia and rad-related 2/neuroblastoma oncogene (ATR2/neu), 
hermaphrodite homolog-2/neuroblastoma oncogene (HER2/neu), 

hermaphrodite-3/cellular-erythroblastic leukemia oncogene homolog-3 (HER3/c-erbB-3), 

Xiphophorus melanoma receptor tyrosine kinase homolog (Xmrk); 

insulin-like growth factor-I-receptor (IGF-l-R), 

insulin receptor-related receptor (IRR); 

platelet-derived growth factor receptor-a (PDGF-R-a), 

platelet-derived growth factor receptor-B (PDGF-R-6), 

colony stimulating factor- 1 -receptor (CSF-l-R, macrophage-colony stimulating factor-receptor 
(M-CSF-R)/cellular-McDonough feline sarcoma homolog (c-Fms)), 

c-kit (Steel Factor Receptor, mast/stem cell growth factor receptor, HZ4-feline sarcoma virus 
viral oncogene homolog), 

serine/threonine kinase/fms-like tyrosine kinase 2 (STK-l/Flk-2); 
fibroblast growth factor-receptor (FGF-R), 
[acidic-] fibroblast growth factor-receptor- 1 (fig), 
[basic-] fibrobleist growth factor-receptor-2 (bek); 
neurotrophic tyrosine kinases; 
cell-surface determinant-3-z (CD3-zeta), 
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cell surface/class II determinant-3-h (CD3-eta); 
B chain of Fc/IgE receptor- 1 (FCERI), 
g chain of Fc/IgE receptor- 1 (FCERI); 

g chain of Fc receptor/cell-surface determinant- 16 (Fcg-RIII/CD16); 

cell-surface determinant-3-g (CD3-ganima) subunit, 

cell-surface determinant-3-d (CD3 -delta) subunit, 

cell-surface determinant- 3 -e (CD3-epsilon) subunit; 

Ig-a subunit of B-cell antigen receptor complex/membrane-bound, 

Ig-associated protein- 1 (Ig-a/MB-1), 

Ig-B subunit of B-cell antigen receptor complex/c membrane-bound, 
Ig-associated glycoprotein B29 (Ig-B/B29); 

the common 6 subunit shared by the granuiocyte/macrophage-colony stimulating factor (GM- 
CSF), interleuldn-3 (IL-3) and interleukin-5 (IL-5) receptors; 

the B chain of glycoprotein MW 130 KD (gpl30) associated with the interleukin-6 (IL-6)5 
leukemia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF), oncostatin M, and 
interleukin-1 1 (IL-1 1) receptors; 

the interleukin-2 (IL-2) receptor gamma subunit associated also with receptors for interleukin-4 

(IL-4), interleukin-7 (IL-7) and interleukin-1 3 (IL-1 3); 

the B chain of the interleukin-2 (IL-2) receptor; 

interferon (IFN) a receptor, 

interferon (IFN) B receptor, 

interferon (IFN) g receptor; 

growth hormone (GH) receptor, 

erythropoietin (EPO) receptor, 

prolactin receptor; and 

the Transforming growth factor-B (TGF-B) family of cell surface receptors. 

19. (Previously presented) A method for preparing an agent that effects a biological event 
mediated by the association of two or more endogenous protein mediators, the method 
comprising preparing an agent which includes a first non-peptidic moiety that binds to one of the 
protein mediators covalently linked with a second non-peptidic moiety that binds to the other 
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protein mediator, wherein the agent binds to both protein mediators, the biological event is 
mediated by the association of molecules of two different protein mediators and the first and 
second moieties are different. 

20. (Previously presented) The method of claim 19 wherein at least one of the protein 
mediators is a cell surface receptor. 

21 . (Previously presented) The method of claim 19 wherein the two different protein 
mediators are cell surface receptors. 

22. (Previously presented) The method of claim 19 wherein the biological event is 
transcriptional regulation, the first non-peptidic moiety binds to a protein containing a DNA- 
binding domain and the second non-peptidic moiety binds to a protein containing a 
transcriptional regulatory domain. 

23. (Previously presented) The method of claim 22 wherein the transcriptional regulatory 
domain is a transcriptional activation domain, 

24. (Previously presented) The method of claim 22 wherein the transcriptional regulatory 
domain is a transcriptional repression domain. 

25. (Previously presented) The method of claim 19 wherein the biological event is 
translocation of a selected protein to a predetermined cellular component, the first non-peptidic 
moiety binds to the selected protein and the second non-peptidic moiety binds to a constituent of 
the predetermined cellular compartment. 

26. (Previously presented) The method of claim 25 wherein the first non-peptidic moiety 
binds to a protein that functions only in the cytoplasm and the second non-peptidic moiety binds 
to a constituent of the nucleus or mitochondrion. 
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27. (Previously presented) The method of claim 19 wherein the biological event is 
destruction of a selected protein, the first non-peptidic moiety binds to the selected protein and 
the second non-peptidic moiety binds to a constituent of the proteasome. 

28. (Previously presented) The method of claim 8 or 19 further comprising mixing the 
agent with a pharmaceutically acceptable carrier and optionally with one or more 
pharmaceutically acceptable excipients. 

29. (Previously presented) A method which comprises providing an agent prepared 
according to the method of claim 8 or 19 and mixing the agent with a pharmaceutically 
acceptable carrier and optionally with one or more pharmaceutically acceptable excipients. 
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EVIDENCE APPENDIX 

Copies of the following references (already of record) are attached as evidence: 

Previously submitted with a response on April 1, 2003: 

Exhibit I: Qureshi et al., "Mimicry of erythropoetin by a nonpeptide molecule", 
Proc. Natl Acad. Set USA 96:12156-12161, 1999. 

Exhibit J: Tian et aL, "A small, nonpeptidyl mimic of granulocyte-colony- 
stimulating factor", Science 281:257-259, 1998. 

Previously submitted with a response on April 22, 2005: 

Exhibit A: Spaargaren et al., "Antibody-induced dimerization activates the epidermal 
growth factor receptor tyrosine kinase", J. Biol. Chem. 266:1733-1739, 1991. 

Exhibit B: Watowich et al., "Homodimerization and constitutive activation of the 
erythropoietin receptor", Proc. Natl. Acad Sci. USA 89:2140-2144, 1992. 

Exhibit C: Fuh et al., "Rational design of potent antagonists to the human growth 
factor receptor". Science 256:1677-1680, 1992. 

Exhibit D: Austin et al., "Proximity versus allostery: the role of regulated protein 
dimerization in biology", Chemistry & Biology 1:131-136, 1994. 

Exhibit E: Gordon et al., "Applications of combinatorial technologies to drug 
discovery. 2. Combinatorial organic synthesis, library screening strategies, and future 
directions",/. Medicinal Chem. 37:1385-1401, 1994. 

Exhibit F: Bunin et al., "A general and expedient method for the solid-phase 
synthesis of 1, 4-benzodiazepine derivatives", J: Am. Chem. Soc. 114:10997-10998, 1992. 
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Exhibit G: DeWitt et al., "'Diversomers': An approach to nonpeptide, nonoligomeric 
chemical diversity", Proc. Natl. Acad Set USA 90:6909-6913, 1993. 

Exhibit H: Burch et al., "Mass receptor screening for new drugs", Pharmaceutical 
Res. 8:141-147, 1991. 

Exhibit K: Clemons, "Design and discovery of protein dimerizers", Current Opin. 
Chem. Biol 3:112-115, 1999. 
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EXHIBIT A 



S"iMi*WTi'' f ».«>"«»CAL Chemistry 

« 1991 by Th« Amenc« Socrty for BiochtmiaUy and Molenaer Biology, Inc. 



Vol. 266. No. 3. Ittue of January 25, pp. 1733-1739. 1991 
Printed in U.S. A. 



(Received for publication. August 6, 1990) 
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tion of several protein substrates including the EGF-R itself 

The mechanism whereby EGF binding activates the EGF- 
R tyrosine kmase still remains to be elucidated. Two models 

tion model EGF binding leads to a conformational chanee in 

the hydrophobic transmembrane stretch to the cytoSSc 
tyrosme kinase domain, resulting in activation of Se EGF^R 
^osme kmase (10-13). This model implies Oiat EGpi 
monomers can act as transmembrane signal transducer Ac 
cording to the intermolecular activation model. EGF causes a 
shift in a hypothetical equilibrium between inactive S!r 
monomers toward active dimers, resulting in enhancedUvro 
sine fanase activity (14. 15). However, using Sn xS" 

l»; interpreted their data as EGF bindin? ^pc:nlHT^/^« 
elation of inactive EGF-R oligomer.. 
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binding results in EGF-R dimerizaUon- howe^S a 
cause and effect relationship between EGF-nmeri^tion 
and activation of the tyrosine kinase has not in eTtebKshed 
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Mechanism ofEGF-R Tyrosine Kinase Activation 



dimerization is sufficient and in case of antibody action, 
essential, for stimulation of EGF-R autophosphorylation and 
tyrosine kinase activation. This establishes a causative role 
for EGF-R dimerization in tyrosine kinase activation and 
thus supports an intermolecular activation model. 

EXPERIMENTAL PROCEDURES 

Afoteno/s— EGF (receptor grade) was obtained from Collaborative 
Research (Walthara, MA); [t-'^PJATP and Na***!, from Amersham 
Corp.; protein A-Sepbarose, from Pharmacia LKB Biotechnology 
Inc.; plastic foil thin layer cellulose plates (5577), from Merck; and 
rabbit anti- mouse as well as swine anti- mouse IgG/7 S antiscnim 
were from Nordic (Tdburg, The Netherlands). Monoclonal antibody 
2E9, 2D11. and polyclonal antiserum 281-7 were prepared and IgG 
purified as described previously (26, 29). Antibodies 528 and 226 (31) 
were a kind gift of Dr. J. Mendelsohn (Sloan -Kettering Institute for 
Cancer Research, New York); for later experiments, 528 was obtained 
from Oncogene Science. 

Cell Culture and Freparation of Membranes — A431 cells were grown 
in Duibecco's modified Eagle's medium supplemented with 7.5% fetal 
calf scrum and bufTercd with 40 mM NaHCOa under a 7.5% CO, 
atmosphere. Membrane preparations were derived from A431 cells by 
vesiculation essentially as described (33). 

Preparation of Monovalent Fab Fragments — Fab fragments were 
prepared by papain digestion. Papain (10%, w/v) was preactivated in 
0.1 M phosphate buffer (pH 7.6). containing 2 mM EDTA and 10 mM 
cysteine at 37 'C for 30 min. 2E9 (1 mg/ml) was digested with 1% 
papain in 0.1 M phosphate buffer (pH 7.6) in the presence of 2 mM 
EDTA and 10 mM cysteine for 16 b at 37 'C. The reaction was 
stopped by the addition of 10 mM iodoacetaroide at 37 'C for 20 min. 
The digest was dialyzed against Ca**- and Mg^-free PBS. For puri- 
fication, the preparation was applied on a 5-ml protein A-Sepharose 
column (Pharmacia), and Fab fragments (unbound fraction) were 
collected and concentrated in a collodion bag (Sartorius) under re- 
duced external pressure. The digestion and quality of the Fab frag- 
ments were tested by SDS-PAGE and by immunoprecipitation of 
EGF-R in the presence or absence of a second antibody (RAM), 

BGF-R Immunoprecipitation — After surface iodination or phos- 
phorylation reactions, cells were washed with PBS free of Ca'* and 
Mg** and lysed for 15 min on ice in 500 fd of RIP A containing 150 
mM NaCl, 20 mM Tris/HCl (pH 8.0), 10 mM NaHjPO^, 5 mM EDTA, 
100 /iM NasVO*, 10% glycerol, 1% Nonidet P-40, 1% sodium deoxy- 
cholatc, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride, and 100 
kallikrein inhibitor units/ml aprotinin (membrane preparations were 
directly lysed in RIPA). The lysates were clarified by centrifugation 
at 15,000 X ^ for 15 min in an Eppendorf centrifuge. Anti EGF-R 
antibody 528 (2 ^g) or antiserum 281-7 (10 fi\) bound to protein A- 
Sepharose was added to the lysates, and the mixtures were rotated 1 
h at 4 'C. Precipitates were washed once with RIPA, twice with 20 
mM Tris/HCl (pH 7.4), 0.5 M NaCl, 10% glycerol, and 1.5% Nonidet 
P-40, and twice with the same buffer containing 0.15 M NaCl. The 
precipitates were boiled in Laemmli sample buffer and applied to gel. 

EGF'R Autophosphorylation and Exogenous Substrate Phosphoryl- 
ation Measurements in Membrane Preparations— Analysis of phos- 
phorylation of the EGF-R and the tyrosine-containing peptide angio- 
tensin I was performed as described (34) except that the phosphoryl- 
ation reactions contained 5 fiC'i of [y-'^PIATP and were allowed to 
proceed for 10 min. 

EGF-R Autophosphorylation and Endogenous Substrate Phos- 
phorylation Measurements in Saponin-permeabilized Cells — Cell per- 
meabilization on A431 cells grown to subconfluence in 12-well tissue 
culture clusters (Costar) was performed essentially as described by 
Guigni et ai (35). Briefly, after preincubation in Duibecco's modified 
Eagle's roedium/Hepes (10 mM, pH 7.6) with or without 100 >ig/ml 
Fab fragments for 2 h on ice as indicated, followed by two washes 
with Duibecco's modified Eagle's medium/Hepcs, A431 cells were 
incubated with 2E9 (50 Mg/ml) or RAM (500 Mg/ml) for 20 min at 
room temperature in Duibecco's modified Eagle's medium/Hepes. 
After this incubation, cells were washed two times with cold PBS and 
once with cold permeabilization buffer containing 20 mM Hepes (pH 
7.4), 145 mM NaCl, 5.4 mM KCl, 1 mM CaCla. 2 mM MgCb, 2 mM 
MnCla, 20 ^M Na^VO*, 10 mM p-nitrophenyl phosphate, 1 mM phenyl- 
methylsulfonyl fluoride. Phosphorylation was started by the addition 
of 250 fiX of permeabilization buffer containing 0.005% saponin and 
15 ftM (-r-^)ATP (5 tiCi) and EGF as indicated. The phosphorylation 
reaction was allowed to proceed for 10 min on ice and was stopped 



by washing twice with cold Ca**- and Mg**-free PBS containing 200 
fiU NasVOi followed by the addition of sample buffer (endogenous 
substrate phosphorylation) or by lysing the cells in RIPA in order to 
immunoprecipitate the EGF-R (autophosphorylation). After immu- 
noprecipitation of the EGF-R, receptor phosphorylation was analyzed 
by 5-15% SDS-PAGE, autoradiography, and excision of EGF-R 
containing gel bands for measurement of radioactivity. Substrate 
phosphorylation was measured after 5-15% SDS-PAGE by scanning 
of the autoradlograph on a Joyce-Loebl Chromoscan 3 apparatus. 

Two-dimensional Phosphoamino Acid Analysis — Two-dimensional 
phosphoamino acid analysis of immunoprecipitated EGF-R was per- 
formed as described (26). 

EGF-R Dimer Cross-Unking in Membrane Preparations— 
membranes (20 fig) were incubated at room temperature for 20 min 
with EGF (1 Mg/ml), 2E9 (50 >ig/ml), or RAM (500 ^g/ml) after a 2- 
h preincubation on ice with lOD fig/m) Fab fragments as indicated. 
l7-^]ATP-containing phosphorylation mix was added for subse- 
quent incubation for 10 min on ice, and phosphorylation was stopped 
by the addition of 10 mM EDTA. After the phosphorylation reaction, 
15 mM cross -linker ED AC was added, followed by incubation for 15 
min at 30 'C, sample buffer was added, and samples were heated for 
5 min at 90 °C to stop the reaction. Samples were applied to 3-10% 
SDS-PAGE, and receptor dimerization was quantitated by liquid 
scintillation measurements of the excised monomer, dimer, and back- 
ground gel bands. 

Surface Iodination and EGF-R Dimer Cross-Unking in Intact 
Cells— A431 cells were grown to subconfluence in 12-well tissue 
culture clusters (Costar) in the presence or absence of 100 f^M tyr- 
phostin AG 213 for the last 16 h as indicated, washed extensively 
with PBS, and surface iodinated essentially as described (25). Briefly, 
cells were incubated with 300 n\ of PBS containing 6 ^ig of lactoper- 
oxidase (Boehringer Mannheim), 0.06 units of glucose oxidase, 100 
ttCi of Na'^I, and iodination was initiated by the addition of 20 mM 
glucose. After 30 min of surface iodination at room temperature on a 
gently shaking platform, cells were washed three times with PBS and 
incubated with EGF (500 ng/ml) for 1 h on ice in the presence or 
absence of 100 fiM tyrphostin AG 213 as indicated, washed twice with 
cold PBS, and incubated with 15 mM EDAC in PBS for 1 h at 30 'C. 
Ciells were quickly washed twice with cold PBS without Ca** or Mg^, 
lysed in RIPA on ice for 15 min, centrifuged at 15,000 rpm at 4 "C 
for 15 min, and EGF-R was immunoprecipitated using monoclonal 
antibody 528. After 3-10% SDS-PAGE. receptor dimerization was 
quantitated by measurement of radioactivity by 7 -counting of the 
receptor monomer-, dimer-, and background-containing excised gel 
bands. 

RESULTS 

Antibody-induced EGF-R Autophosphorylation in Cells — In 
a previous study we have demonstrated that in the presence 
of detergent, anti-EGF-R antibody 2E9, directed against the 
extracellular domain, and antiserum 281-7, directed against 
the intracellular domain of the EGF-R, were able to activate 
the EGF-R tyrosine kinase in membrane preparations and 
whole cells (30). Monoclonal antibodies 2E9, 2D11, 528, and 
225 have all been reported to be unable to activate the receptor 
in intact cells (26, 31). To extend our previous data, we 
investigated whether these antibodies would also be able to 
induce EGF-R autophosphorylation in the presence of deter- 
gent- A431 cells were incubated with EGF or antibody in 
permeabilizing buffer containing 0.005% saponin and l7-^^Pl 
ATP for 10 or 20 min on ice, lysed in RIPA, and EGF-R was 
immunoprecipitated using antiserum 281-7. Fig. 1 shows that 
all antibodies tested stimulate EGF-R phosphorylation, par- 
ticularly after 10 min of incubation. The stimulatory effect 
decreases slightly with time, suggesting that saponin treat- 
ment alone might also stimulate receptor phosphorylation. 
Two-dimensional phosphoamino acid analysis, shown in the 
lower panel for control, EGF- and 2E9-treated cells, demon- 
strates that phosphorylation was almost exclusively on tyro- 
sine residues. 

Requirement for Antibody Biualence in Stimulation of EGF- 
R Autopho^horylation^The observation that all five IgG 
antibodies stimulated EGF-R tyrosine kinase, in spite of the 
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Fig. 1. Antibody- induced EGF-R itwlopho9pb0r>^tioii ia 
ftaptmin-perroeabilized cells. Intact -A431 cells were Treated witb 
the rndiea ted antibodies (60 >ig/mi) or EGF (50 ir^^/ml) in p^rmeabiK 
u^atlon buTfer cpjifcaining ['^-^PJATP aad <).(K)5% saponin for 10 cet 
20 min on ice. Subsequently^ the <;eUs were b'sed m HlPA, feheBGF- 
R was inHminoprecipitaUid, subjected to: 5-15^ SDS-PAGB, and 
aiitoradiograpbedaS-^efiJcnlMBd under "Ex^^ Procedures" (i^- 

per pand)^ BEF^i^^containing ^1 bands were cxcis^d^ and i>?ot*xn 
was «3uted Riid ant4>*i6d by tu-ordhnenfiional pbospVoanamo scaxi 
analysis e$ dtecnbed'under "^iperimerii^ PrTOcdiires," assb^rwTj for 
control (C), EGS, and ^^Biimtfcr jmnel), 
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Fm. 2. Effect of Antibody 2T29 conccntraiipn pn ECINK nur 
topbospboryUUoD in mcinbr»t»e pj'eparatloTtK. nieijibtanfe 
pteparations (20 /ig^'were inciihated with different <Tt>ncentratibns of 
2B^ for 50 min at room teinperahjre^ai^ which [y^^'JAT^ 
ring ph6??phoo4etjon ofspaj' mix was added fpf 10 niiii on .ice. .A.(i€r 
15^ SD'S-PAGE fiDtd autoratlio^aphy of tha gei; KQ^F-H-containiiig. 
gel bands were ejccised, and rtidioa«?ti^ity wasr qudniltat^od by liqfuid 
scmlallatioiu 

f act^tbat tb^Ly are 4ireci^ agiinst ditferent recep'^orpepitop^ar 
indtcatfes tot 4 <jomxn6ij mtiC^^i^m invoii^fed. It Jias befii 
siiggBsted I3ial^ tbiB blysQent ffrdpidy pf the anUbodjes plays 
an Itnporlajit r^ile in xecejitox kinase :activmion (19, 30^ ^1)- 

of tbe antibodies, i.c. 2E9, in mor^ djetail.. 

A 43 J nieinb't^e preparations were incubated witb difererit 
concentrations 2E9 tot 20 min at room tenperature^ ant 
EGF-R pbospbprylaUojs was dFtermined as deiscribed m6et 
"Experinieni^ Procedures." EGF-R phosjphor>':laiaon indxiced 
by 2E9 spociCcally <M5curs on tyrosine residues as determined 
by two-dimensional phosphoaniino acid analysis (30). Maxi- 
raal EGF-R aufcopbospbor>'latiOn occors at a narrow antibody 
concBntration range around oD ^g/.m\ whereas at lo^'ex or 
higher antibody concentrations the level of PX^P-R phos* 
pborylaiion decreased {Fig. 2). This result tSiConSistent with 
data obtained with other antibodies iW^ 31). The decrease of 
EGF-R phosphorylatiOri at high concentrations supports the 
assamptibn that antibody bivalence is indeed an important 
parameter in EGF-R phosphor>'lati on since at high antibody 



c<t?icentratic*ns' antibody binding ^vill be oversaturou-d and 
occm^ main]y in a monovalent fashion. Jn contrast, at bw 
anybody ^^ncentrations^ binding will occur in a bivaknt 
faj^ioG but is tmsaturatei a^^d tliereftjre the EGF-R pbos- 
phoo'^s^^^ ^ subnia:!dniaL 

In -order to investigate directly the importance of antibody 
bivalence^ monovalent 2E9-Fab txagnients were pi^partd by 
papain digestion and affinity purification- Subsequent SDS- 
J^AQE rex^ealed no intact 50- kDa hea\-y chain band, indicating 
complete^ digestion and purification fnot shov^rp}. Hie Fab 
fragments, were unable to precipitate the EGF-R in combi- 
nation with- protein A-Sepharose {indicating tbe lack, of Fc 
fr-agment); however, w^hen cotipled via q rabbit anti-mou^te 
antSbody (RAAi) to protein A-Sepbarose, EGF-R pxecij>itat* 
ing- ability was regained, demonslratiKg that Fab fmgment^ 
wei^e able to bind to the BGF-R. As ?hown in Fig. 3, the f ^ 
fragments (IDO Mg/ml) were undUIe to stimulate EGF-R phos- 
pborylatiOJ^ in A4B1 membrane preparations, Simiiar results 
wespe obtained ijsh\g & Fab concentrsfcjon range irom lO i<i 200 
^ig^nd thot shown). This observation is consistent with data 
obtained with numofv^alent Fab Brazen ts ofano^er antibody 
(IM- However^ preincubation of membranes with Fab &ag-^ 
m^ts $t£)9. pt^fmi) followed by an incubation w-iih RASf or 
SwAS?, thereby' restering the bi\^lent ^^haract^er of the IDG F- 
R.bindjQg"<?>inpl^i caused stimula ti on of EGF-R phospbor^-l. 
atnon (Fig. Wj. 

Also in saponxo-permeabllized A431 cells, maximai 

EGF-rH aa^pbosplior>'lartion occu t& at an antiP^ody concentra- 
tion j:ange around oO>g/ml whe^rcas at lower or h.igher anti- 
body concentrations Uie level of ETiF* H p'bo^horylstibn de- 
creased (Fi^. 4)r -As shown in Fig, 4, monovalent Fab &ag^ 
ments are also unable to induce EGF-R ph<mphorylauon in 
permeabalized cells. Upon incubation witb a secondarj^ biva- 
lent antibody, EGF-R autophospliorylation v^-tis increased 
iFig.. 4). The ability of the Fab -RAM binding complex to 
bdiice EGF-R phosphor^defcion was RAM antibody cone^in- 
tration dependent (optimal range around oOQ ^g/^ml) in ac- 
cojdapce with, a role for bivaJence in E^F-R activation. The 
d^iii presented in Figs. 2-4 iRdicat^ that anitbody bivtilenc^ 




Fjg. 3- Eff^et of: antibody bivalen^j^ oij EGP-R autophos- 
phorylafion in rocmbraae preparations. A431 membrane prepa- 
rations (20 pz) were-preincubated as indicated vf^th TDQ fis/mi mtm^ 
ovaleni Fidj fragments on icfe for 2 h and waah^ b^ rentrifrtgntion. 
Subsequently, nifimbranes were inatbaisd as indicated for 2D min at 
room temperature with buffer alone^ {C), I ^tg/ral EOF, 50 ftrjml Si*^. 

A«g/«tl RAM, or sWiue anli-mfjui^ antt.Hen;jn tSuiAMh Fab fria^;- 
nient-preinjwbni^ ruembrancrs w-ure incubated with bu^KT al^ne 
(Fob) pt With Bm iig/ml RAM ^ H) or Sw.AM (F Si. 
.4TP-coBtaining pho:^>boi^laUon asstiv mix was ffddcd for TO min oa 
ice, Ban^jJe bailer was added, saciplee were applied to i>-T6% SDS- 
PAGE, autoradiographed iinsd), and radioactivity tn e3ct!ised g^^l 
bfiods was quantitntfcd by liquid scintiUmion. 
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FiC. 4. Effects of autiWiy bi valence and couccntraUon vii 
EGF-R nutophosplioryJaCion in saponin- per meab'ili^d cells. 
Intact A431 tc^Us. were prebrtcubat^ svtth lt?0 ;i§/rnl inortov-alent Fsb 
IrapiiiearitiS ox bui&f alone for "2 h on ice fbllowied by two washes to 
Remove unbouaS ^ab £ra^eiiis. Biibse<iu^}\^ untreated wfctc 
iiKubated with bp ffer siJone iC);^b. ^. ot '7t> tig/tdi 2E9;^or JiOO Mg/ 
to3 Rj\M. F^b frajrment preincubatt^ cells were incubated wii.b buffer 
alone iF^) or >vitb.^O. 500, or 750 ;rg/ml RAM (Fah •¥ RAM\ 
Li^and incubation was for 20 min at room tcmj>eratuTe ft»llowfrd l>j' 
the adcfitioh of O^OOSl-^ saponin and ('r-''^R)ATP-ooncnining permea- 
bUixfltion buffer for 30 mi n on ire, evcntuaJIy in the presence of } 
ml EOF. I^GF'H was imniunoprecy^UsUid using antibody 528 and 
applied.to 5-i5?c SDS-PACE. Aiter autoadtograpby (mser), EGF- 
R-contalnjng gdl b.<inds werts excised and f4idioaetivitv" meajtured by 
liquid ?w;iniillaiion. 

Is essential for increasing ECiF-R ^ui0pho;Sj>horyIaUbn. 

Reqiurement fdr Antibod^^ Bivalence in EGF-R T;^Tosin(* 
Kinase Acliimtlori — Tlie obsttn^ed inca-ease of ECF-Jl auto- 
phoBpboTylatjon by bivalent antibod>* ot: monov^ent Fab 
fraginents in .ebiiibination with ti second antibbdy c^uld well 
be the result of facilitated. inierjnolecular cross-phospbor^ia- 
•tion rather ifb^Ui tjTpsme jdnas^flcluvation ^se^ "Oisfcussion'^]. 
Therefore^ we have «tnadied the ^eofe cxf ihese ligands on 
exogenous and. endogenous Bubstj^ate phospborylataoB in 
mcanbrane.p^cgjarationsaBdpfanneobiJi^ respec^rdy: 
A4Sl membranes were prf ineubated wivh or witiiout Fiib 
frij^ents.and $ubsequentiy incubated ^wiii Kgands for idmin- 
at ro(*toni teiiiperafcure as tndicatedl After^ this incuhataoii ^ 
pbospbpr>^.trtipi3i mixture wats adfled containing [y^^PKW 
and 2 mu angiotensin I as an exogenous sybst^rat^: Ihcia>at3oa 
of ihembrane prepa^^tionB ^vl^h EGF ox 2BS xesuly in ati' 
increase of .angbten^ii X phosphorylation. dexnpjnstrBtiBg ac- 
tivation of^^e tyrofethe Uixsx^ urU^ex these ts^nditiijas- CEi^. 
oji When meiribwies are incuiated with the moBov^aknt 
Fab\fi^g^ileirfc5, no i^ddctbn i)t i}nroime %inas^ acttvity waf 
observei unless followed by tniatmejit with RJ^M fi$;a second 
aiitibody. Furthermore, also in this ^case, t>'rGsrne kinase ac- 
tivation was sta^ngly cQncentration dependent for 2E9 oh, in 
the case of Fab prebcubatioh. R.^M {Fig. 5), In accordance 
with data .reported previously (30), '2® did not induce BGF^ 
R tjaosine kinase activation in tlie absence of detergenl (not 
showii). 

Using the parmeabilized cell sx'stem.we measured endoge- 
nous mib^rate pb6sphor>*lation as welt It was found tli^it 
several substrates could.be detected npon^GFl 2E9, and Fab- 
R4M incubationj araong which was a ma|or 3f-kDa substrate 
protein. Again^ incubation witi monovaient Ttib fra^ents 
alone did not stiinulate any substrate phosphorylation (Tig, 
6). Upon dmissibii of Ca^ from the permeabBizaUon buTfe 
the 35-kDa protein was no longer oljserv^ {not shown), 
suggesting that this is the C^** -^dcp^ndept BGF-R substrate 
iipocortin 1/calpactin IX (35-37). These obsen^ationB demon- 
strate that also for aniiboc^y-raediated stimulation of the 




Fifi; Effects ^t>f aaidbody brv-alenca and txjni^ntrartjon on 
EGF-H tyrosine kinase acti vHy toward esogeJiotis-peptide in 
membrane jireparatioas- Llgand incubation of A451 membranes 
vv'as performed .as des^fibwJ in the legend of Fi^ 3- Subst-tpfintlVi 
eitdgenpus pfipjjde angimensin I pkosphoryl^^oh mea^urtJ ex- 
ad^yM described under '■.ExperEroent^^l PrtJcedures.'" Inculisstkn with 
buffer (Cu^OT ii }^^fm\); 2i"*, SO, ot 75 ftg/ml 2£9; Fab fragments 
(3 (® /tg/rnlh ^<AU (500 ji^rciii; or ^>0, 5ftQ, or 750 tf«/m} RaS! ahfer 
Fab fragment pretncubation (flaf> -r riAMl pre^'nted. 




FiG, BrTi*ets of antibody biviiieiice iind ironcentratlon on 
EGF-K t^nrosine kinase acti>diy tbwnrd endogenous snbstrales 
in ;??ap^nin>^pcrnfieabllized cells. Ligand incubation and pbos- 
piibjylaUon; reactions Were performed exactly as descftlwid iri ihe 
legend jQf F%. % Sois^eqaftnUy, :cells w^re scraped m MSjnpk "bu^ei; 
and aft^ 5^1.5% SDS^P^OE and iiut<^^uiigigr«phy, pfoXdn phi^nr 
phorj'lation vVas anah'^fcd by densitJOinetTic laser purring of the 
autpradib^r^h on • a Joycfe' XjOtM Chromoscan 3 ap^arDtusu 

BGF-ftt5^'it>sine feindse aptivlfy toward other subsfcrates, btv* 
alence^ iBibsGlutely necessary. 

scnted m ¥1^ 3-6 toon^ly sug^t tiial antibodies activate 
the. EGF-'E tyrofsine kinase throiigb induction of rece?)vot 
dnnerization. in order to detect possible EGF-R diinet com- 
piexes, the chemical cross-^i inker ED AC U -ethyl '3-{3-di- 
methy^amikiojpropyJJcaxbodiimide) was u^ed, which covalendy 
liiiks rec^^Pt diniejrg. After inadbatiott wiih the indieaied 
Uganda ](Hg> '^ at room temperaUjre for 20 mm, phosphoo^^ 
atfbn in the jifesfence of h-*7*lA TP w^a^ allowed tP proceed 
fiir W mIij;Ga ice and wi^ stepped by the addition of l6 nsM 
lpTA,Su^Be^entlv, lo mM FJDAC ivas added fer 15 mxn at 
30 "(i As shown in Fig. 7 {tAr^e leftmost :ian£BX antibody 2^ 
induced EGF-R dimerization just as stron^y EGF. As 
meaBured by counting radioac^'ity in the excised EGF-B 
monomer- and dimer -containing ge! bands, dbout 3% of the 
radioactivity was present in the IJGF'R dirner fraction in 
untreated.xnembranes whereas both EGF and 2E9 treatment 
residted in an enhancement up to 15^, 
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braiie preparations, A4§t fiiCnibraDes vret* intuij^ed :syitb bdffer 
aloniF tC), 1 ffg/ml EGF, 50 Mg/ml '2K$ for 2^^ min air mom 
tcniperature. >\ilet ligand incubatiori, (7'^P}ATP*jC©iitoinm|[ phos- 
phoryUtiQfi.assa>' mijif was a&deS for 10 rtUti oh ieau t^hos^horyteticfn 
i5tdpj>ftd bri^he addition of 3 0 niM BDTA. imciiibrantifi w^ere iiicnaimtficd 
for 1^5 iTiin:at 36 "0 witltt 15 ram EDAG, ai»d boU^ tn jsampje l^affer 
r^^trce Jeftmml ixmes). For GontrpJ esperiaifcuts, iri^r iigand inctiba- 
tion> 1^ inM ED.AC added for 15 min at SO ^CL* cross- linking -vv^as 
quenched by tbe addition of ^)-^M* Tpis foBowedby the addttjoti of l 
Atg/ml ECJFiiTid 1'>"'^P]ATF-containing liho^pWrj^ataon assay mi^i. 
BaitJpk^ wtite boiled in isattiple buffer affet 4 liy-in'iTl incobatioft On 
ice ltw0 ri^^hJtttml Usrm). After ^:^10% SD^-EAOjE a»d ^utora^io^- 
rapby. BGF-R iho'jiomar (Af)-, dmifer Wh, and taickgroiind U/i. fif- 
tween)^cotitamm^gcX btiiids Wjere excised, and radTodctiy it>t was qam- 
tiUited by liquid scintiHdtion. 

The possibility thafc receptor dinners preexist in the un- 
treated tnembiranes was investigated since these dimers maj- 
become phosphorv'laled upon liganid inctibajion only. ^ejB- 
brancs were incubated \TitJi or witliout BSF for 20 min at 
rooin temperafcure. troJBicted witli EDAC for 15 .ipin a,i; 30 "Q 
after wbicih the cross-link reaction (^ueitcbed with 0,5 ^i 
Tris. and a phosphjor^'lation reaction wa^ carried out for 10 
min on ice In tbe pri&sence of EOF. As shown in Fig. 7 {two 
m^k^st: lanes), no J)GF-R dimex| wei^ jder?fect;ed :in lii? 

]ji mBmM\^ in diroBr ijajids^^ pig., utv tfy-m 'kffmmt 
iam^l wa$ indeed Soe &jx incr^^ & fipOuiii of EGF- 
H dimers. 'Furiibermorej cross-Unking of E<3F-R tjimers aR^tr 
EGF incubation but prior to tbe phossphorj^ation reaMjOji 
resuJted in eiihanced EGF-induced phoKF^oi^rlaiaon coxnpsLred 
with thecontard mtmbrane^ 7,i«?o rightmost larm^). 'fhis 
suggests eiihanced linterjDolecular cross-phospboiylatian or 
tyrosine kin^e activation in tbe EGF-il diiner complex: 'Tlius!, 
EGF-E dimeiization is correlated vnth re<^eptor ac&^jSorL 
J.mportant!y, the observation that jeceptor dlmers are^ibrmed 
prior to ndditioti of tbie ATP containing pbo^horylxiiion mixi- 
ture (Ftg. 7^ two righlmosi lanes) indicates tiat dimerization 
also occurs in the absence of ATP and is thus not dependent 
on the phaspharyiataon reaction. 

Req'uir,Bment for Antibody Bwalence in Induction .&fEGF-Ji 
Dinierization-^t^exb, w« investigated tlie importance of anti- 
body bivalence in the induction of EGF-K ditnerization. Mera- 
brane preparatians were incubated with the indicated ligands 
(Fig. S) for 20 min at room temperature, phopphor>^]atjon 
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J'%. Sr Effeetsofdetergenl aiid oBttbody bivaleijce oa EGF- 
R dimeriznlfoiJ In njcunbrane preparatioiJja. Ligond bwaibauoti 
of the membrane pxeparatioiis eiacily as^ de^ibtjd is the liigenH 
Vl^ dr, ^ftej:4igand jncubiition; meiabraives were pboqjhojylased 
ihe :addfQdri /crf h-^-^F] ATF^iintarnibg- prhospHiiiTiatloft ^fis^y mi 
With sv^thout Nottldct (-^ for lO: tain on AS^er 

i^uejUdbun* Ote ph^sphory-lation ^w^xm by tbe addiilos of lO mu 
EPTA^ rtJCGptoF dimcim were cross-liiikpd by the odditidij d[ 1^ 
BDAC l+y or bufc\aloive C— I foe lb min 01 W *C. 5^ipbs ^i^ere 
bcdted in sample btrf^r, app^t^ to ^ID^. SDS-FAGE, »nd tbe 
was autoxadio^apbjed. HueepUti dimerisaiikm was auantitated % 
€:scjsioii of moncmer (A/ ^, dimar iB)-, and hurk^^uad {in ia^Utii^enf* 
cont^lnin^ liandB and liquid scinnnaiion of UteEe. bands. 

ait&ay mix vyai added for 10 miri on ic^,. and afer quenching 
of phosxihorylaUon wdth EDTA, .EDAC wa^ added far .15 imn 
at' SO *Ci As shown in Fi^ S, no 2E9 -induc^^ recepUic dimB> 
ijcation is^observ^ed when detergent is orriitt^d ^ons the .phes- 
pbo^ijiation niix- 7'his observation confirms iha (Usability of 
the auti-EGF-R aritiibodies to p-timutatc the t>*rosine kinasse 
in tbe tibsence of detergient (30) and corroboraies a rale for 
T^c$pU^ Sj^mr^wv In kinase act ivation. I^i agreement with 
this, moTKrvalent SEO-Fab fragments laclted tbe abiiity of 
inducing receptor dimerlzation (Fig. Bh Last but not least, 
also in tliis caje, the dimer-inducing abiiity could be restored 
upon RAAf . incubation fubsfequaxit to the Fab fragment preii^- 
oubation. 

.^^Ipthmhip between EGF-R Dim£jizatwn and Tyrosine 
Kinms^ MUvoUon--"Th^ ^ta present^ thus fW suggest that 
antibodyrindticed EGF-K tyrosine kinase aGtivaiion is tiie 
r€^t ot etihancfid dimerizaiion. due to anybody bivalence. 
To estabOish fiir^er ibe mtsmsX re^^i^nsi^ befB^n these 
-^.a t^tSG^T ^araciertetM:^, dettocSned €^ect of 

tfefe ^eciSfc EGF-E i^ttosine kiit^^fe Inhftttt^i- tyrphostm AG 
21$ ^diid 0t of Br. A, Le\4£z£i, Heb^w Ijxuv^i?!^, Jeni- 
^^em;_ Ismol; Ref^. 3S and SSJ ott E#F4nduced recBphar 
tiimemafctt. In Control etperimi'aot^* iismgliiis inhibitor, 
measured 80% reduction in E<SF-R tj-rosine kinase activatioB 
by pCF aB.d<?termiD0d b>' pliospboamino add analj-sis of the 
EGF-R KnM shown). As shown in Fig. 9; EGF induces EGF- 
R dimerization in intact surfa0e-iodinated.A43l ieells. Aim- 
pxeincabatioia of i^e A4ol cells with the kih^« inh3>3tor, 
EGF still induces receptor dimeriiiation to the same Bxtcnt 
Thk resultsliDws that reccpit>r drmerizaijojl occurs^ ^ffi^ientiy 
evetf ^eUti^Tosine kinase activity is drastically reduced and 
taken tdg^erTpitb tbe other data demonstraiefi a causitlve 
rc^e for dlmerization in activation of the EGF-R proteiiv 
t>Tosine kinase and not vice versa. 

OJSCUSSTONT 

In the present study we tjsed anti-EX^F-R antibodies to 
examine the relationship among antilxfdy bi vale nee. EGF*E 
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Fin. 9. EGF-in<JucedJEGF-It dimerizafipn in 1>T 
2 13- treated fiurface jbdiimted cells* A4tJl c^lls were grown to 
aubcDithuence, where ihdjcfited in the prestencje ctf iOO ;iivi tytphostrn 
AG 213 for xlie )mM b After surface iocKnatiDn e^h Ka^^, 
cells were tmled for 1 h with jfi^) or without C-) f>OQ n£/n»LEGF on 
ice. Ceils ^vei^ iriciibafed >vith 15 inM OEDAC at 30 *C Tea- 1 h tmd 
EGF-R was imniunopredpifcated with mon<?cl<mBl {miib».>dy 528> After 
3-^109£ SD&^J'AGE. receptor .monomer- dimer and badtr 
grotind (uihctuiennX binds Tvere exfciscid, and radioactnnty w^as meas- 
ured by ^-countingjofthesehtmds. 

dirnerization, and EGF-R tyrosine kinase activft^y in botii 
membriine preparationB and Cells. MbdifTcation of antibody 
bivalencc» Ihe use of a specific EGF-R .tyrosine kinase inhib- 
itor, and tha detergent dependence of antibody -induced EGF- 
R activation enabled us to manipulate BGF- R diraerization 
as well as tyrosine Itiiiase aciiivifcy, \Ve demonstrate that (i) 
anti-EGF-R antibodies activate the EGF-R t^tosine kinase 
Lrrespectlye of the recognized epitope {ii) antibody binding 
induces EGF-R -dimenzation; (m) ^ntifeody^inducfil EGF-B 
dimerizatian as welLats tyio^ne klna&e -activation ate depend- 
ent on- andbody bivalence and the presence of detergent; and 
<iv) EGF-R dimerization is not dependent oh receptor auto- 
phosphorylation and tyrosine kinase acU^it^^ Tte 
vide strong evidence in favnr tff the intermolficular^ active 
diiner, EOE-R tyrosine Hnase act^ model. 

In initial shidies, Yarden and Schltssinger {19) partly based 
their intermoiecuUr activation njodel on data obtained with 
antibody-induced E&F-R. autophoHphor>iatian in. Triton X- 
lj)0-sdubilized BGF-R* EGF-R tyrpaine kmase actSvit^ ^bs 
deiennini^d by KIFhR aulophosphor3;iataog, which was ison- 
eluded to be an riiiia'aand'et^lax-event {19). A.iaunsber of recent 
stGdies, thb^vtvjfe^ indSS^tfe iSi^ ^eci^C6/Sii£djp?^sphoi^^ 
can be mediated by^ ihtermolecular cre^s^phosphor^^atlonj 
pro%^bI>^femrita^'bySec^^ 40, 4ij. 

Since detection 4>f enhanced EGF-B aut^bospHorylatioji 
does hot rijecessarily re&ectityrosine kinase acti^Spn and 'to 
clinunate ihe posslbillly that enhanced EGF-E- autophos* 
phdrj'latioh fe merely due U> facilitated IhteOTOlecular cross- 
phosphoiylstiion^ we performed bxo^ and endpgenotiB sub- 
strate phosphorylation ejcperiments in meinbranc prepara- 
tions and penneabilized cells. Our resiilts show unequivocafly 
that the EGF-R t>a-osine kmase toward other substrates is 
indeed activated by the bivalent antibody and the combina- 
tion Fab- RAIVl 

Concerning the xofe for EGF*JS dimerization m fyrosgne 
kinase activation, ^e question can be raised as to whether 
dimerization 15 dependenton tj^rcsine kinase iactivi^. In o:rder 
to address this queslaon, we made use of the specific EGF-R 
t>TOsine kinase inhibitor tj'rphostin AG 213. The ohsen^ation 
Uiat incubation of A431 cells with the tyrphostin does not 
reduce EGF-induced forination of dhners is in agreement with 
the reported EGF-induced dimeiizatlon of EGF-R mutants 
devoid of kinase actj\ntj' (42, 43) and supports a <:ausative 



role for (HmeriEation in tjTOsine kinase actavation. 

The e/Rciencj' of several ligands in activation of receptors 
c<$ntaimhg -a fo'josine kinase dornain has been, sho^ici to be 
dependent on their fe^alence. Monodonal antibodi^ stimu- 
lated to insulin receptor tyrosine kinase by cross-linking 
recepi^rsubunit jnoleciilBs t44^ Therteaprotooncogene prod- 
uct =dos.ely r^iatefd to the EGF-R, can be convijr^ed it\U> nn 
oncogei^ by a point mutation in the transmembrane region. 
This fiautation results in induction of receptor aggregation 
and trtereased tyrosine kkfease activity <4§). Int^j^tingly, 
13^6 pTotQoncogene-encoded kinase, but .not the constitu- 
tively ac^^e oncogfenie mutani^cmi bestbcaiiiated by ggoni^ 
antibodies bul^npt by monovalent antibody-deri^'ed Fab frag- 
ments (465- Furthermore, acqvation of the plat<2leUderi\'ed 
growth factor Te£:eptor involves receptor dunerizatian and is 
dependent on platelet-derived grpwth /actor bi\^ehce (47- 
49). 

Utilike platelet-derived growth factor or antibodies, EGF is 
a rnOnovalfent molecule ihatijinds only one teccptor-Cll) . TbiB 
raises the cjues^on as to what can be t*be driving force for 
EGF-iifdttoedlreceptor dimerization. We fav-or the hvpothesis 
that ii^F-R dimerlr-ation occurs th^ou^h an EGF-indut^ 
confbrma'tiorial change in the t^atellute domain of the 
EC*F-'R molecaile^ which causes enhaenced affinity for other 
EGF* receptors (50^, 51). Evidence for su^h a conformational 
tiange has been reported recently in a stady a^Jtng purified 
EGF-R ectodomains (52), Subsequetitiy, BGF-R tyrosine ki- 
nase activation occors as a consequeatce of receptor -receptor 
interactions at the cytoplasmic domains. In this view the 
EGF-induced enhanced aflin% for receptor-receptor inter- 
actions con&tmites the driving force for EGF-R dimerizaiiod 
and subsequent bTOShric kinase activia^oiv T^is mechanism 
bjTDas^&'&e transmissiojaofaconfoOTational cbange^^ 
the transmembrane part of the receptor and is svp>orled by 
tiie observation that an atored transmembrane jsegion does 
not inQu^nc^ EG F-^stbnulated J^eceptor ^dxmeri^^tiOn or t>'ro* 
sine kinase activity {53)- We^suggest that antibody hinting 
induces EGF^E dimiexizaUon cfixectly, ibm? bypassing the pro- 
posed EGF-induced e^racellutar confermafeional change. 

This view on EG j'-Jl activataon is attracti'i^ in ;that. it 
consliih^ aspects of th^ intra and itvtermoJ ocular aciav^ttiott 
models,. It-does not; however, tdce into account tJje occurrence 
of a sinall subcla^ pf high aMnity mseptors tn intact ceils, 
which playcMi a major role in the ori^^ int^rrmolecular 
^ciSvattcmrmbd^l ^delt^ &d S<Mis^:siagef {it, f^X 
doesit provide an i^lanationjQi: the observedidomiBsaice of 
the h^ aMhlbjr stiMass EBf-3K 4b m^ctoSng aj^^tifl ijw^ 
duction aiid biol&|?c^ mspm^i^^j 54^, Fiirth^ etpenments^ 
wiB be necessary to address tltese cjuesiionsand to revea! the 
origin and molecular features of the high' and low alBnii* 
EGF-R. Al present, we favor ^e hypothesis that the high 
affinity svfbclass consists of receptors that are in a partly 
activated st^, intermediary to the full conformational 
change induced by EGF binding: 

AcknouHedsmenL^—V^'e thank Dr. A. Ue'iu^ CDept, of Blal<^^ 
Cheraifitiy, Hehrqw Uoh'ersiiyi Jerusalem, IstaM) for kindly pitrv^id* 
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ABSTRACT The erytlir(i>oietiD receptor (EPO-R) Is a 
member of the recently described cytoUne receptor superfun- 
Uy. A constitutirely actire (hormone independoKt) form of the 
EPO-R was Isolated that has a single amino add chan^ in tiie 
ezoplasmic domain, converting arginine-129 to cysteine 
(R129C). Since EPO-Rs containiiig R129S, R129E, and R129P 
mutations are functionally wild type, the presence of cystdne 
at residue 129, and oot the loss of arginlne, Is required for 
constitutive activity. Several mutant forms of tlie ETO-R were 
analyzed; aU constitutlvely active mutants fiHin disulflde- 
linked homodimm, whereas EPO-responsive or Inactive forms 
of the receptor do not. Monomers and disulfide-linked dimers 
of the constitutive receptor are present on the plasma mon- 
brane and bind EPO with a single affinity. Homodimerization 
of the EPO-R Is likely to play a to Ugand-lnduced signal 
transduction, and disuiflde-linked dimerization of the consti- 
tutive receptor may mimic this step. 



Erythropoietin (EPO) is a serum glycoprotein hormone re- 
quired for the survival, proliferation, and differentiation of 
committed erythroid progenitor cells. The murine EPO re- 
ceptor (EPO-R) cDN A was isolated by expression cloning (1) 
and was found to have sequence homology with other cy- 
tokine receptors (2). Conserved structural features of the 
cytokine receptor superfamily include four similarly spaced 
exoplasmic cysteine residues, as well as a motif. WSXWS, 
located in the exoplasmic domain close to the membrane- 
spanning region (3). The EPO-R and other members of the 
cytokine receptor family do not contain kinase-related or 
nucleotide-binding consensus sequences in their cytoplasmic 
domains and the intracellular signaling pathways they initiate 
after ligand binding have yet to be defined. 

Although little is known of the mechanisms by which 
cytokine receptors transduce their signal, dimerization of the 
receptors is thought to play a role. The receptors for inter- 
leukins 2, 3. 5, and 6. as well as granulocyte-macrophage 
colony-stimulating factor, contain at least two different sub- 
units (4-8), while the ligand binding subunits of the granu- 
locyte colony-stimulating factor receptor, prolactin receptor, 
and growth hormone receptor form homodimcrs (9-11). 
Dimerization has been postulated to yield high-affinity re- 
ceptors and also to provide the first step in the signal 
transduction pathway (11. 12). 

Expression of the cloned EPO-R cDNA in the inteiieukin 
3-dependent pro-B-ccll line BA/F3 allows the cells to grow in 
response to EPO, demonstrating that the EPO-R can func- 
tionally transmit a growth signal (13). The recent demonstra- 
tion that the mutation of arginine-129 to cysteine (R129Q 
results in a constitutively active (14) and oncogenic form (15) 
of the EPO-R is provocative in that it implicates the formation 
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of aberrant inter- or intramolecular disulfide bonds in the 
process of receptor activation. 

The role of the new cysteine residue in the constitutively 
active receptor and the possibility that this receptor may have 
an altered disulfide-bonding pattern were investigated by 
both biochemical and mutagenesis approaches. The presence 
of cysteine at residue 129 is required for EPO-independent 
signaling. Analysis of several mutants of the EPO-R has 
revealed that all constitutively active mutants, but not the 
wild-type receptor or EPO-dependent mutants, form disul- 
fide-Iinked homodimers in the endoplasmic reticulum (ER) 
and a fraction of these dimers are transported to the plasma 
membrane. 

MATERIALS AND METHODS 

Mutagenesis Techniques. The constitutive mutant of the 
EPO-R (R129C). the truncated form of the receptor (tEPO- 
R), and the constitutive, truncated form of the receptor 
(tEPO-R/R129C) were isolated by a retroviral transduction 
system (14). The remaining mutant EPO-Rs (see Fig. 1) were 
generated by polymerase chain reaction, with synthetic oli- 
gonucleotide primers encoding the desired amino acid sub- 
stitutions. Mutant EPO-R cDNAs were subcloned into the 
mammalian expression vector pXM (16) and into M13mpl8 
and M13mpl9 vectors. Sequences of the mutant cDN As were 
confirmed by the dideoxynucleotide chain-terminating 
method, using synthetic oligonucleotides as primers. 

Cell Culture Conditions and Transfections. The wild-type 
and mutant EPO-R cDNAs in pXM were introduced into 
BA/F3 cells by electroporation, and stable transformants 
were cloned as described (14). Interieukin 3-dependent, 
EPO-dependent. and factor-independent clones of BA/F3 
cells were maintained as described (14). 

Metabolic faheling and Immunopredpltatton. BA/F3 ceil 
lines expressing wild-type or mutant EPO-Rs were mcta- 
bolically labeled with [^^S]methionine and cysteine (^^S- 
Express; NEN). CcD lysates were prepared in buffer con- 
taining 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% 
SDS, 150 mM NaQ. 50 mM Tris-HCl (pH 7.4), 200 mM 
iodoacetamide, and 2 mM phenylmethylsulfonyl fluoride. 
Lysates were incubated with anti-peptide antibodies raised 
against N- or C-terminal peptides of the EPO-R (17), followed 
by incubation with protein A-agarose beads (Boehringer 
Mannheim). Proteins were eluted in gel sample buffer [1% 
SDS/10% (vol/vol) gIycerol/80 mM Tris-HQ. pH 6.8] with 
or without 1% 2-mercaptoethanol. 

Gel ElectrophOTesb and Immunobiot Analysis. One- and 
two-dimensional gel electrophoresis was carried out on SDS/ 
7.5% polyacrylamide gels (18). For two-dimensional gels, 
polypeptides were separated first under nonreducing condi- 
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biotinylatcd EPO. 
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lions, and then after reduction with 5% 2-incrcaptoethano!. 
Immunoblotting was performed as described (19). The filters 
were incubated with antisera raised to EPOR peptides* 
followed by ^^I-labeled protein A (Amersham). 

Scatchard Analysis and Biotinylated-EPO Binding. EPO 
was iodinated by the iodine monochloride method and had a 
specific activity of 4 x lO^cpm/pmol. Analyses of saturation 
binding were performed as described (20). Biotinylated EPO 
(bEPO) was prepared (21) and surface EPO-Rs were isolated 
as described, except that cross-linking of the bEPO-reccptor 
complex was not performed (22). 

RESULTS 

The substitution R129C introduces a sixth cysteine residue 
into the EPO-R exoplasmic domain and confers constitutive 
(hormone independent) activity (Fig. 1, mutant R129C; ref. 
14). Mutation of residue 129 to serine, glutamic acid, or 
proline yields a wild-type, not a constitutive, phenotype (data 
not shown). Since a cysteine residue at position 129, rather 
than the loss of an arginine, was crucial for constitutive 
activity, we suspected that the new cysteine may form an 
intramolecular disulfide bond, possibly with C179. To lest 
this hypothesis, C179 was mutated to a serine residue either 
in the wild-type receptor (C179S) or in the constitutive 
mutant (R129C/C179S). Neither the EPO responsiveness of 
the wild-type receptor nor the constitutive activity of the 
R129C receptor was affected by this mutation (Fig. 1), 
demonstrating that C179 is not involved in EPO-induced 
activation of the wild-type receptor or in constitutive acti- 
vation of the R129C mutant. 

The possibility that R129C has other intramolecular disul- 
fide bond rearrangements or has formed other in termolecular 
disulfide bonds remained. To determine whether the pattern 
of intramolecular or intermolecular disulfide bonding in 
R129C was different from that in the wild-type receptor, we 
immunoprecipitated metabolically labeled receptors and an- 
alyzed them by reducing and nonreducing SDS/PAGE. Both 
the newly synthesized wild-type EPO-R and R129C migrate 



with an apparent molecular mass of 64 kDa under reducing 
conditions (data not shown). Under nonreducing conditions, 
the newly synthesized wild-type EPO-R migrates with an 
apparent molecular mass of 64 kDa (Fig. 2, lane 4), while the 
constitutive receptor migrates as a monomer of »64 kDa as 
well as an oligomer of ««160 kDa (lane 7). This oligomeric 
species accumulates during the 2-h chase at IS^C (lane 9) and 
it appears to be a disulfide-] inked complex of the R129C 
receptors since it is not visible after reduction of the samples 
before SDS/PAGE (data not shown). 

We assayed several mutants of the EPO-R for their ability 
to form disulfide-linked oligomers and found that all consti- 
tutively active mutants of the EPO-R form disulfide-linked 
oligomers, while all hormone-responsive or inactive forms of 
the receptor do not (Figs. 1 and 2). The constitutive R129C/ 
C179S mutant forms disulfide-linked oligomers, although 
somewhat less efficiently than R129C (Fig. 2, lanes 13-15). 
tEPO-R/R129C also forms disulfjde-linked oligomers that 
migrate faster than the R129C oligomers, as expected for an 
oligomeric species composed of truncated receptor mole- 
cules (lanes 19-21). tEPO-R and the C179S mutant, both of 
which are EPO responsive like the wild- type EPO-R, do not 
form detectable disulfide-linked oligomers (lanes 10-12 and 
16-18). 

To test further the correlation found between the presence 
of C129 in the EPO-R, disulfide-linked oligomerization, and 
constitutive activation, we assayed two inactive forms of the 
EPO-R (wsl and wsl/R129C) for their ability to oligomerize. 
Both wsl and wsl/R129C lack three residues. AWS. from the 
conserved WSXWS region and have a GA substitution in 
their place. In addition, the wsl/R129C mutant contains the 
R129C mutation. When expressed in BA/F3 cells, these 
mutant receptors are unable to transmit an EPO growth signal 
since the cells will only grow in the presence of interleukin 3 
(Fig. 1). Both mutants are retained in the ER after synthesis 
and are likely to be misfolded (data not shown). Neither 
mutant receptor formed disulfide-linked oligomers (Fig. 2, 
lanes 22-27). 





-c 


-c 


-c 


-c 


-c 


-e 


-c 


-c 




-c 


-c 


-c 


-0 


-c 


-c 


-c 


-C 




-c 


-c 


-c 


-c 


-0 


-c 


-c 


-c 




-c 


-c 


-c 


-c 


-c 


-c 


-c 


-c 


exoplasmic 


-B129 


-C129 


- R129 


-CI 29 


-R129 


- CI 29 


-R129 


-CI 29 




-CI 79 


-CI 79 


-S179 


- S179 


-C179 


-CI 79 


-CI 79 


-CI 79 




-WSAWS 


-WSAWS 


-WSAWS 


-WSAWS 


-WSAWS 


-WSAWS 


-WSGA 


-WSGA 


cytoplasmic 



















EPOR R129C C179S R129C/C179S tEPO-R tEPO-R/R129C wsl ws1/R129C 



Growth in : 
EPO 

No Factor 



+ 
+ 



+ 
+ 



Ofigomerization - + - + - + - - 

Fig. 1. Schematic diagram or mutant EPO-Rs. Mutants of the EPO-R cDNA were generated or isolated as described. The receptors were 
assayed for their ability to confer EPO-depcndcnt or factor-independent growth in BA/F3 cells as described (13. 14). Assays for oligomerization 
were performed as indicated in the legend to Fig. 2. Residues 129 and 179 are indicated; the four conserved exoplasmic cysteine residues (C27. 
C37, and C81) and the conserved WSAWS sequence (residues 207-211) are not numbered. 
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Fig. 2. ConsUtutively active mutants of the EPO-R form disulfide-iinked oligomers. Parental BA/F3 cells or cells expressing wild-type or 
mutant EPO-Rs were pulse labeled Oanes P) with ["S]mcthioninc/cyslcine for 10 min at 37t: and then chased for 2 h at 37*C Ganes 37) or 18°C 
(lanes 18). EPO-Rs were immunoprecipitated and separated by nonreducing gel electrophoresis. The migration positions of monomeric EPO-R 
(«64 kDa) and monomeric. tEPO-R («54 kDa) arc indicated on the left. The positions of oligomeric. constitutive EPO-R («160 kDa) and 
oligomeric. constitutive, tEPO-R {'^ISO kDa) are indicated with arrowheads. 



The identity of the polypeptides present in the EPO-R 
immunoprecipitates from parental BA/F3 cells and cells 
expressing the wOd-type receptor. R129C, and tEPO-R/ 
R129C, was determined by two-dimensional gel electropho- 
resis. The only polypeptides that were generated by reduc- 
tion of the disulfide-iinked oligomers were monomers of 
R129C (Fig. 3C) and tEPO-R/R129C (Fig. 3/)). demonstrat- 
ing that the disulfide-linked species are EPO-R homooligo- 
mers and eliminating the possibility that the constitutive 
EPO-R forms a heterooligomcr with another polypeptide of 
similar size. Tht ability of R129C/C179S. but not the wild- 
type receptor or C179S, to form disulfide-linked oligomers 
(Fig. 2) suggests that only C129 is available for- forming 
interchain disulfide bonds; thus, it is likely that the R129C 
oligomers are bomodimers. The wild-type EPO-R migrated 
identically before and aiter reduction (Fig. 3B), 

To determine whether the disulfide-linked homodimers are 
present on the cell surface, we used bEPO to isolate cell- 
surface receptors (22). Both R129C monomers and disulfide- 
linked dimers were found on the plasma membrane (Fig. 4. 
lane 3). Similarly, cells synthesizing R129C/C179S flane 5) 
and tEPOR/R129C (data not shown) expressed both mono- 
mers and dimers on the surface. After reduction, oligomers 
of the constitutive receptor were not detectable and only 
monomers were seen (lanes 8 and 10). Ceils synthesizing 
hormone-responsive forms of the receptor (wild-type 
EPO-R, C179S, tEPO-R) did not express detectable levels of 
surface disulfide-linked dimers; as expected, only mono- 
meric species are found on the plasma membrane (lanes 2 and 
4; data not shown). 

The presence of both monomers and dimers of R129C on 
the plasma membrane suggested that there may be two 
classes of surface receptors, perhaps corresponding to low- 
and high-afHnity EPO-binding species. Scatchard analysis of 



^I-labeled EPO binding to BA/F3 cells expressing R129C 
demonstrates, however, that the surface receptors display a 
single affinity for EPO (K^ = 700 pM). Approximately 1000 
surface receptors are expressed per cell (Fig. 5). Similarly, 
when EPO binding to the erylhroid cell line HCD57 express- 
ing R129C was examined, only a single class of receptors was 
detected even though both monomeric and dimenc forms of 
R129C were detected on the plasma membrane (data not 
shown). BA/F3 cells synthesizing wild-type EPO-R also 
displayed a single class of receptors (23). 

DISCUSSION 

The EPO-R can be activated by two different, hormone- 
independent mechanisms: by interaction with the gp55 gly- 
coprotein of spleen focus-forming virus (13) and by a point 
mutation. R129C, in the extracellular domain (14). The pres- 
ence of a cysteine residue at position 129, and not the loss of 
an arginine, appears to be required for constitutive activity 
since substitution of arginine at position 129 with serine, 
proline, or glutamic acid does not aher the ability of the 
EPO-R to confer EPO-responsive growth in BA/F3 cells. 
This requirement for a cysteine residue led to the hypothesis 
that the constitutive receptor may form intramolecular or 
intermolecular disulfide bonds, which alter the conformation 
of the receptor and render it constitutively active. 

By analogy with the intramolecular disulfide bonding pat- 
tern of the growth hormone receptor (24), it could be pre- 
dicted that the fu^t and second cysteine residues (C27 aod 
C37) of the EPO-R form a disulfide bond as do the third and 
fourth (C65 and C81), leaving C179 unpaired. Since the 
C179S mutant is functionally wild-type, C179 is not essential 
for normal receptor function, including ligand binding. The 
phenotype of mutant R129C/C179S demonstrates that C179 
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Fig. 3. R129C and IEPO-R/R129C form disulfide-Iinked homodimers. Parental BA/F3 cells (A) or cells expressing the wild-type EPO-R (B), 
R129C <C), or tEPO-R/R129C (D) were pulse labeled with (^^SJmethioninc/cysteine for 10 min at 37^ and then chased for 2 h at 18*C. The 
EPO-Rs were inununoprecipitated and separated under oonreducing conditions in the first dimension, followed by reduction and electrophoresis 
in the second dimension. The positions of monomeric EPO-Rs are indicated. 



is also not required for constitutive activity of the receptor; 
therefore, in the R129C mutant, CI 79 is unlikely to pair with 
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Fic. 4. Disulftde-linked dimers of the constitutive EPO-R are 
found on the celt surface. Parental BA/F3 cells G^es 1 and 6) or cells 
expressing the wild-type EPO-R (lanes 2 and 7). R129C (lanes 3 and 
8). C179S Oanes 4 and 9). or R129C/C179S Oanes 5 and 10) were 
incubated with 10 nM bEPO for 4-6 h at 4'*C. The cells were washed 
and then lysed in buffer containing 0.5% Nonidet P-40 and 200 mM 
iodoacetamide. Surface receptors that had bound bEPO were iso- 
lated on strcptavidin-agarose beads, separated by nonreducing and 
reducing gel electrophoresis, and assayed by immunoblotting. The 
positions of cell-surface monomeric EPO-Rs (66 kDa) and surface 
disulfide-Iinked dimers (160 kDa) are indicated. 



C129 (Fig. 1). Since the conslilutively active R129C receptor 
binds £P0 with an affinity similar to that of the wild-type 
receptor (Fig. 5), it is unlikely that intramolecular disulfide 
bond rearrangements have occurred. We conclude that 
R129C and R129C/C179S form disulfide-Iinked homodimers 
through C129. 




40 

Bound EPO, 



Fig. 5. EPO binding to BA/F3 cells expressing R129C. Approx- 
imately 5 X 10^ cells expressing R129C were incubated with various 
concentrations of ^I-labeled EPO, in the presence and absence of 
60 nM unlabeled EPO. in a vol of 100 yX for 14 h at 4*C. Free 
^I-labeled EPO was separated from the bound hormone, and 
specific binding was determined as described (20). A saturation curve 
(inset) and a Scatchard plot of the data are shown. 
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The formation of disulfide-linked dimers is correlated with 
constitutive activity. All constitutive! y active mutants of the 
EPO-R (R129C, tEPO-R/R129C» and R129C/C179S) form 
disulfide-linked dimers, while hormone-responsive (wild- 
type EPO-R. C179S. and tEPOR) or inactive (wsl, wsl/ 
R1290 forms do not (Figs. 1 and 2). The dimers appear to 
assemble in the ER (data not shown) and a small proportion 
of them reach the cell surface, where they bind EPO with a 
single affinity of 700 pM (Figs. 4 and 5). The R129C/C179S 
mutant appears to form disulfide-linked dimers somewhat 
less efficiently than does R129C, suggesting that C179 may be 
involved in stabilizing the dimer. The presence of C:i29 is 
necessary but not sufficient for oligomerization and consti- 
tutive activation since the mutant wsl/R129C, containing 
both C129 and a mutation in the WSXWS region, fails to 
oligomerize and cannot deliver a proliferation signal in 
BA/F3 cells. The failure of this mutant to form disulfide- 
linked dimers also indicates that covalcnt dimerization is not 
simply due to ER retention of misfolded receptors. 

Conformational changes brought about by receptor oligo- 
merization in response to ligand binding are likely to activate 
the tyrosine kinase receptors (25) and dimerization also 
appears to play a role in cytokine receptor signaling (11, 12). 
Our results have revealed a strong correlation between the 
ability of mutant EPO-Rs to induce hormone-independent 
cell proliferation and their ability to form disulfide-linked 
dimers. EHsulfide -linked dimerization of the R129C mutant 
may induce a conformational change in the receptor, mim- 
icking the hormone-bound form of the wild-type receptor and 
rendering the receptor active in the absence of EPO. Prelim- 
inary evidence suggests that the wild-type receptor is capable 
of forming noncovalent homodimers, although we do not yet 
know the role of ligand binding in dimerization. 

C129 is likely to be present at the dimer interface of the 
disulfidc-Iinked R129C receptors and by extrapolation R129 
or neighboring residues may play a role in the noncovalent 
dimerization of the wild-type receptor. Dimerization of the 
EPO-R may be analogous to the growth hormone receptor, 
where it has been shown that two receptor subunits bind to 
different sites on a single growth hormone molecule, and the 
receptor dimers are stabilized by growth hormone (11). 
Additional experiments could be directed toward elucidating 
the structural features involved in EPO-R dimerization and 
understanding the role of dimerization in receptor activation. 

Note Added In Proof. The crystal structure of the growth horroone 
receptor-growth hormone complex has recently been determined 
(26). Sequence comparison between the EPO-R and the growth 
honnone receptor has revealed that residue 129 of the EPO-R would 
fall in the region corresponding to the growth hormone receptor 
dimer interface. These observations support the hypothesis that EPO 
may signal through formation of a noncovalent homodimer of the 
EPO-R. 
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Rational Design of Potent Antagonists to the 
Human Growth Homione Receptor 

Germaine Fuh, Brian C. Cunningham, Rikiro Fukunaga, 
Shigekazu Nagata, David V. Goeddei, James A. Weils* 

A hybrid receptor was consfructed that contained the extracellular binding domain of the 
human growth hormone (hGH) receptor linked to the transmembrane and intracellular 
domains of the murine granulocyte colony-stimulating lactor receptor. Addition of hGH to 
a myeloid leukemia cell Dne (FDC-P1) that expressed the hybrkl receptor called prolif- 
eration of these cells. The mechanism fbc^gnal transduction of the hybrkJ receptor required 
dimerization because monock>nal antaxxlles to the hGH receptor were agonists whereas 
their monovalent fragments were not Receptor dlmerteation occurs sequentially-^ re- 
ceptor binds to site 1 on hGH, and then a second receptor rrxslecule binds to site 2 on hGH. 
On the basis of this sequential mechanism^ whkii may occur in many other cytokine 
receptors, inactive hGH anak)gs were designed ttiat were potent antagonists to hGH- 
induced cell proKferatlon. Such antagonists couU be useful for trrating crmk:al conditions 
of hGH excess, such as acromegaly. 



Knowledge of the molecular basis far hor- 
mone action is key CD the rational design of 
hormone agonists and antagonists. High- 
resolution mutational analysis (1, 2) Bad 
x-ray crystallographic studies (3) have de- 
fined two sites on hGH for binding two 
molecules of the extracellular domain of its 
receptor (HGHbp) (4). Dimcriarion erf the 
hGHbp occurs sequentially, such that a 
hGHbp molecule binds to site 1 and Aen a 
second hGHbp molecule binds to both site 
2 on hGH aid a site on the first hGHbp 
(Fig. 1). A thorough examinatioi^ of the 
biological importance of this nuxlel has 
been precluded because of the lack of an 
adequate cellular signaling assay for hi3H. 
Here, we constructed a sensitive, cell-based 
assay for hGH, investigated the mechanism 
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for signal transduction, and ^lied the 
Bs^ for the design antagonists to the 
hGH receptor. 

The hGH receptor belongs to a large 
&mily of receptors of hematopoietic origin 
(5) that includes the intetleukin-3 (0^3) 
and granulocyte colony-stimulatxng &ctor 
(G-CSF) receptors. An IL-5-dependent 
myeloid leukemia cell line (F£>C-Pl) tians- 
. fected with die full-length murine G-CSF 
(xnG-CSF) receptor is stimulated to prolif- 
erate by (3-CSF wiAout IL-3 (6). We 
constructed a h^nid receptor diat con- 
tained the hGHl^ linked to a portion of 
the mG-CSF receptor containing the duee 
extracellular fibroncctin repeats and the 
transmembrane and intracellular domains 
(7). The fibnmectin domains do not partic- 
ipate in die binding of &CSF but are 
required for eflkient expression of the mG- 
CSF receptor (6). 

C^ompetitive displacement of ^"[-la- 
beled hGH from hybrid recepton on whole 
cells was used to establish the affinity for 
hGH and the approximate number of re- 
cq>tors per cell (8). in several independent 
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binding experiments, the apparent dissocia- 
tion constant {K^ value for hGH was 0.1 
± 0.03 nM, and there were 1000 ± 300 
receptors per cell. This affinity is about 
three to four times stronger than that for 
hGH binding to the soluble hOHbp and 
may reflect a high local concentration of 
receptors on cells {an avidity effect). Non- 
transfected cells lacked specific bindir^ 
sites for hGH (9). At low concentrations, 
hGH induces cell proliferation with a .me- 
dian effective concentration (EC^ of —20 
pM (Fig. 2A), a value somewhat lower than 
the apparent Kj for binding to whole cells 
(-^ 1 00 pM) . This may indicate that signal- 
ing for maximal cell proliferation requires 
less than total receptor occupancy. 

Each hGH molecule is bivalent because 
it contains two separate sites for binding the 
hGHbp (Fig. 1). In contrast, the hGHbp is 
effectively univalent because each site uses 
virtually the same determinants to bind to 
either site 1 or site 2 on hGH (3). Excess 
hGH will dissociate the hGH-ChGHbp)^ 





Inactive (anlBgonist) Active (agonist) 



Fig. 1. Sequential cfimerizalion model for acti- 
vation of the hGH-mG-CSF hybrid receptor. A! 
iow concentrations. hGH binds first at site 1 and 
subsequently at site 2 (as irvjicated) to produce 
an active hGH-ChGHbp)^ complex. At high cory- 
centrations, hGH saturates the receptor 
through site 1 interactions arKl acts as an antag- 
onist. We show the receptors dissociated initially 
because, in the absence of hGH, the hGHbp 
does not self-dimerize as shown by ultracentril- 
ugation for concentrattans <0.1 mM. Nonethe- 
less, it is possible that some full-length receptors 
are loosely pre-dimerized and become activat- 
ed upOT sequential binding ol hGH. 



complex to form a hGH'hGHbp complex 
in which hGH is bound exclusively at site 1 
to the hGHbp (1). Thus, excess hGH 
should antagonize signaling by preventing 
dimerization (Fig. 1). Iridewl, at very high 
hGH concentrations the proliferation ac- 
tivity is lost {concentration -required to in- 
hibit proliferation by 50% (IC50) s 2 iiM]. 
Cell proliferation induced by IL-3 was not 
altered in the presence of high concentra- 
tions of hGH (8 plM); thus» 8 }jM hGH is 



not toxic to celk (9). This effect appears 
not to involve cross-linking of receptors 
between cells or other cell-to-cell interac- 
tions because the effects of hGH were not 
influenced by cell density. Furthermore, the 
assay is specific because FDC-Pl cells that 
contain the full-length mG-CSF receptor 
do not respond to hGH and cells that 
contain the hybrid receptor do not respond 
toG-CSF(iO). 

To further investigate the requirement 
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Fig. 2. Proliferation of FDC-Pl cells containing the hGH-mG-CSF hybrid receptor induced by hGH 
(7) (A) or induced by MAbs to the hGH receptor (B) (77). In (A), cells were grown in RPM1 1640 
media supplemented with IL-3 (10 U/ml). 10 m^M p-mercaptoethanol. and 10% FBS at 3rC and 5% 
COg (5). Cells were washed with the same medium without IL-3. Cells were added to 96-weII plates 
at a density of 4 x 10^ cells per maiililer (O), 2 x lO^ cells per milliliter (•), and 1 x 10^ cells per 
milliliter p) in 100 |il. Cells were then treated with various concentrations of hGH lor 18 hours. To 
measure DMA synthesis, we added ^H-labeled thymidine (1 jiCi per well) to each well. After 4 hours, 
cells were collected and washed on glass filters. Sctntillation cocktail (2 ml) was added, and 
radioactivity was counted with a Beckman LSI 701 sclntillatkxi counter. In (B). cells were cultured 
as in (A) and plated at a density of 4 x 10= cells per milliliter in medium containing various 
concentrations of anti-hGH receptor MAb 263 (•), MAb 13E1 (O), MAb 3D9 (■). or MAb 5 (□). After 
IB hours at 37*C, cells were washed, and the amount of PH]DNA synthesized was determined by 
scintillation counting as in (A). Each data point represents the mean of triplicate determinations, and 
error t>£irs indicate the SD. 



Table 1. Summary of dose-response data for a variety of anti-hGH receptor MAbs, FAbs {17) and 
hGH mutants (12) for stimulating proIHeration of FDC-P1 cells containing the hGH-mG<:SF hybrid 
receptor. "Norw" indicates that no effect was observed; ND, not determined. /C values for MAbs 
binding to the hGHbp were taken from ( 14). The values for hGH and variants were measured wfth 
a competitive displacement assay in which ^26|_iabeled hormone bound to hGHbp was precipitated 
with MAb 5 (2. 73). This gives the affinity for the morKjmeric hGH-hGHbp complex. Values for ECsn 
were taken from titration cun/es shown in Rg. 2. A and 8, and Fig. 4 and represent the half-maxirT^ 
concentration for stimulation of cell proliferation. Data are the mean of triplicate assays, and the SDs 
were within 15% of mean. Values shown with > indicate that maximal stimulation or inhibition of 
proliferation was not detected at the concentrations tested. For these cases, we report only 
estimates of the ECg^. IC50 refers to the concentration leading to 50% inhibition of maximal cell 
proliferation. 
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Tabid 2. Sumrrary of anta^ist effects of FAbs 
and hGH analogs that bkxM hGH-indiK»d cell 
proliferation of FDC-P1 ceils corTtair\ing the 
hybrid hGH-mG-CSF receptor. Celis were in- 
cuttatedwithl nM hGH and various concentra- 
tions of FAb ( 7 7) or hGH anatog ( 7^ . The IC50 is 
the concentratkm required to block 50% of the 
cell proRferation activity of hGH. *'None" indi- 
cates that no inhibition was observed at concen- 
trations of FAb or hGH analog of up to 10 jtM- 





Fig, 3. Mdecutar models based on x-ray crystallography of hGH bound to the hGHbp {3). (A) A 
nlibon dtegram of hGH (wNte) boiffid to two molecules of the axtracettular domain of the hGH 
receptor (hGHbp: gray and btad^. The a carbon positions of mutant residues in hGH are shown by 
black dots. K172 and F176 are kxsted in site 1 ftnterface with black hGHbp) and G120 is k>cated 
in sfte 2 (interface with ^ay hGHbp). Gray dots indicate structures in the hGHbp that are not well 
defined by the electron density. The model is based on a 2.7 A resolution x-ray structure of the 
complex (J). (B) A dose-up showing that G120 located on helix 3 of hiGH makes van der Waals 
contact with W104 from the hGHbp bound to site 2. R1 and Fe. receptee 1 and receptor 2. 
re^ctlvely. 



for dimerizadon of the hGHbp to signal in 
the hybrid receptor cell proliferatiozi assay, 
we used bivalent monoclonal antibodies 
(MAbs) axid univalent fragments derived 
from them (FAbs) that recognixed the 
hGHbp» At low concentrations^, three of 
four different MAbs to the receptor were as 
potent as hOH in inducing cell prolifera- 
tion (Fig. 2B and Table 1) . The EC50 value 
for each MAb (0.3 to I nM) was usuaUy 
somewhat less dian the valiie deter- 
mined by enzyme-linked immunosorbent 
assay (Table 1). As with bOH, this may 
reflect avidity effects on whole cells or that 
maximal signaling is achieved at less than 
100% receptor occupancy, or both. Ac 
much higher concentrations (0.2 to "-3 
^XQ, two of these MAbs were less effective 
at stimulating proliferation, presumably be- 
cause excess MAb blocks receptor cross- 
linking by binding monovalendy to 
hGHbp. CorrespoiKling monovalent FA1> 
fragments had Hcde or no effect on cell 
proliferatibn (Table 1)» which indicates 
further that bivalency is required for signal- 
ing acdvity. 

The differences in stimulation of cell 
proliferation at low concentrations and in- 
hibition at high concentrations for these 
MAbs (Fig. 2B) can be explained by the 
difierent ways they bind to the hGHbp. 
MAb 5 prevents binding of a second 
hGHbp to die hGH-hGHbp ownplex (I), 
possibly by binding to the region where 
both receptors contact each other (Fig. 1). 
The fact that MAb 5 is the least efficient at 
stimulating proliferation may indicate that 
tlie receptors need to approach each other 
closely for optimal signaling. MAb 13£1 
did not inhibit proliferation at the concen- 
trations tested. This MAb blocks hGH 
binding (1 i) and probably binds like hGH 
to form very stable receptor dimers. In 



contrast, MAbs 263 and 3D9 bind at sites 
away from the hormone-receptor interfaces 
(11) ar>d show similar agonistic and antag- 
onistic effects on proliferation. Maximal 
stimulation of proliferation by hGH oc- 
curred over a wider range of concentrations 
than did maximal stimulation by MAbs 263 
and 3D9, perhaps because with hGH 
bound, the dimers have the optimal recep- 
tor-to-receptor contacts. The &ct that 
MAbs. 263 and 3E)9 are agonists suggests 
that the structural constraints for formation 
of active dimers are rather loose. 

FAb fragments derived from MAb 13E1 
or MAb 5 antagonized hGH-induced cell 
proliferation, whereas those derived from 
MAbs 263 and 3D9 did not (Table 2). 
These studies are consistent with the fact 
that the binding of MAb 13£1 or MAb 5 to 
their epitopes blocks hormone-'to-receptor 
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F=l9.4.ProrrferatjoncrfFDC-P1 cells containing the 
hGH-mG-CSF hybrid receptor, cajsed by in- 
creasing ooncentTBtions of wfld-^pe hGH (O), the 
ste 1 hGHvarttfitK172A/F17GA(»).and^site 
2 hGH variant G120R {□)• CeRs ^H&e cultured, 
treated, and assayed as described in Ftg. 2A, 
except that ceBs were treated for 18 hours with 
pHJthymidine. "Rie \iGH mutants were pr^>arBd 
and purified as descrftsed {2, 12), 



Protein ICgo 



FAb 263 None 

FAb13E1 0.8 »iM 

FAb 5 0.2 (iM 

FAb3D9 None 

W3H 2mW 

K172A/F17SA None 

G120R 20 nM 

hB1A/R64K/E174A 60 nf^ 

H21A/R54K/E174A/G12aR 2 nM 



or receptor-to-receptor interfiaces, respec- 
tively. 

To determine the structural require- 
ments for dimerization of hGH (Fig. l)** we 
examined mutants of hGH that were de- 
signed to reduce binding of the receptor to 
site 1 or site 2 (Fig. 3) . The mutant Kl 72A/ 
F176A (12), which preserves site 2 deter- 
minants but alters important side chains in 
site U promoted cell proliferation, but the 
EC50 was shifted to a concentration about 
ICr times higher than that of wild-type 
hGH (Fig. 4 and Table 1). This is consis- 
tent with the 560-fbId reduction in the 
affinity for site I binding of the K172A/ 
F176A mutant as compared to diat of the 
wild*type hGH when measured in vitro 
(13). No inhibition of proliferation with 
K172A/F176A was observed at the concen- 
trations tested. 

On the basis of the x-ray structure of the 
hGH-(hGHbp)2 complex (3), we designed 
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Rg. 5. Antagcxiism of hGH4nduced ceil prolif- 
eration t3y hGH variants. Cells were prepared 
as in Fig. 2A and incubated with 1 nM hGH and 
varbus concentratior^ of the site 1 mutard 
K172A/F16A (•), the site 2 mutant G120R p). 
the combined enhanced site 1 and site 2 tm- 
tarn (H21A/R64K/E174A/G120R) (■). and 
wfld-type hGH (O). 



SOENCE • VOL. 256 • 19 JUNE 1992 



1679 



a mutant G120R, which retains a function- 
al site 1 but on which site 2 is sterically 
blocked (Fig. 3B). This variant did not 
affect cell proliferation at the concentra- 
tions tested (Fig. 4). Thus, binding to 
either site 1 or site 2 is necessary but not 
sufficient for promoting cell proliferation. 

If the sequential signaling mechanism 
(Fig. 1) is correct, mutants blocked in site 2 
biiiding (but not in site 1 binding) should 
antagonize hGH-induced cell proliferation. 
To test thiSj we cultured cells with enough 
hGH (1 nM) to support 90% of maximal 
cell proliferation and added iiicreasing con- 
centrations of wild-type hGH or the mu- 
tants in site 1 (K172A/F176A) or site 2 
(G120R). As expected, the site 2 mutant 
antagonized hGH whereas the site 1 mutant 
was ineffective (Fig. 5). In feet, the site 2 
mutant was nearly 100 times more potent as 
an antagonist (IC50 = 20 nM) (Table 2) 
than wQd-type hGH QC^ = 2 jlM). For 
hGH to be antagonistic, free hormone must 
react with free receptors tefore the hGH- 
bound intermediate does so. This only oc- 
curs at high concentrations of hGH. In 
contrast, once G120R is bound, it carmot 
dimerize and agonize the receptor. Thus, 
G120R as an antagonist does not need to 
compete against G120R as an agonist. 

Although G120R is a much more potent 
antagonist than hGH, 20 xM G120R was 
required to inhibit by 50% the proliferative 
effect of 1 nM hGH (Table 2). This may 
reflect the fiact that hGH is bound through 
interaction of sites 1 and 2 with two recep- 
tors more tightly than G120R is bound in 
the con^)lex with a single receptor through 
site 1 alone. Furthermore, maximal signal- 
ing by hGH may not require 100% receptor 
occupancy. In either case, improving the 
affinity of site 1 for hGHbp in the G120R 
mutant should make it a more potent an- 
tagonist. 

Single-site hGH variants have been pro- 
duced (2, 14) that bind more tightly to the 
hGHbp at site 1 . A variant that contains aU 
three of these mutations (H21A/R64K/ 
El 74 A) bound 30 times more tightly than 
wild-type hGH to the hGHbp (Table I). 
This variant had an IC3Q for inhibiting 
proliferation that was about 30 times lower 
than that of hGH. This is consistent with 
the notion chat the inhibitory effect results 
horn competition for binding to hGHbp 
between site 2 on the bound hormone- 
receptor intermediate and the free site I on 
the soluble hormone. The fact that im- 
provement in site 1 binding affinity did not 
improve the eflicacy of the hormone as an 
agonist may be understood upon future 
analysis of the on and off rates. 

We further mutated this variant by 
changing Gly*^ to Arg. The mutant with 
all four modifications was ten times more 
potent than G120R as an hGH antagonist 



(Fig. 5 and Table 2). This is further evi- 
dence for the importance of site 1 binding 
properties for antagonism. 

Our data suggest that the inhibition of 
proliferation caused by hGH, MAbs, and 
their derivatives is the result of blocking 
receptor dimerization rather than causing 
down-regulation of receptors. First, cells 
propagated with IL-3 instead of hGH do 
not show a greater hGH response or hGH 
receptor number (9). Second, receptor 
down-regulation is usually correlated to re- 
ceptor activation. The ratio of ECjq to ICjq 
for each of the MAbs and hGH varies 
widely, which shows that receptor activa- 
tion can be readily uncoupled from inhibi- 
tion by the alteration of binding prop>erties. 
Finally, the G120R mutant is inactive as an 
agonist, althou^ it is a more potent antag- 
onist than hGH (Fig. 5), and pretreatment 
of cells with G120R does not enhance its 
antagonistic effect (9). Thus, the antago- 
nistic effect of G120R is not coruistent with 
receptor down-regulation. It is possible that 
the inhibitory effects observed for other 
hormones at high concentrations may occur 
because receptor dimerization is blocked by 
self-competition. 

Our studies indicate that sequential 
dimerization is crucial for hybrid-receptor 
activation. Knowledge of this mechaiiism 
and the structural (3) and fimctional (1,2) 
properties of the binding interfaces allowed 
us to design potent antagonists to the hGH 
receptors, which may be useful in the clin- 
ical treatment of hGH excess acromegaly 
(J5). In feet, a transgenic strain of mice 
that expresses large amounts of bovine GH 
altered in site 2 produces dwarf mice (J 6). 
This mechanism-based strategy for design of 
potent antagonists for hGH may be appli- 
cable to other hormones such as prolactin, 
placental lactogen, 11-2, IL-3, IL-6, G-CSF, 
granulocyte-macrophage-CSF, erythropoi- 
etin, and related hematopoietines and cyto- 
kines (5) if sequential binding of two recep- 
tors to a single hormone molecule is required 
for their signaling. 
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EXHIBIT D 

David J Austin, Gerald R C rabtree and Stuart L Schreiber 

Proximity versus allostery: the role of regulated f^^.^ 
protein dimerization in biology \s.o^ 

Regulated dimerization of proteins is increasingly understood to be important in many 
cellular processes, including signaling, transcription and protein degradation. 
Organic molecules that induce dimerization may offer as much 
potential to regulate biological processes as those that 
allosterically induce conformational change. 

chemistry & Biology November 1994, 1 :1 31-1 36 



Crosstalk 



Several different mechanisms are used to transfer infor- 
mation in biological systems. The most familiar one is 
that of induced conformational change, relying on the 
ability of ligands to induce an allosteric change in their 
receptors. But a second mechanism for information 
transfer, only relatively recendy uncovered by cell biolo- 
gists, is equally important.This is die regulated association 
of specific proteins. 'protein dimerization*. A new^ class of 
organic molecules that can induce the association of 
specific proteins can be envisaged; such molecules may 
allow the regulation of biological systems, like the 
classical allosteric agents that have been a primary focus 
of biological and medical research for many yean. 

Cell-surface receptors 

The tv^o processes of allosteric change and receptor 
dimerization are clearly contrasted in two types of cell 
surface receptors that activate intracellular signaling 
pathways, the G-protein coupled receptors and the 
growth factor or growth hormone receptors (Fig. 1). 
Both activate signaling pathways in response to external 
binding events, using distincdy different mechanisms. The 
G-protein coupled receptors are allosterically activated 
when ligands bind to their transmembrane domain. This 
ligand-induced conformational change allows the cyto- 
plasmic loops to activate an associated GTP-binding 
protein (G-protein). Receptor-associated G-proteins are 
trimeric, consisting of an a subunit that binds guanine 
nucleotides and p and y subunits; the a and py subunits 
have independent signaling fimcrions.The ligand-induced 
change in receptor conformation is thought to promote 
the release of GDP so that GTP can bind in its place. 
Once GTP is bound, the activated Ga-GTP complex 
and the Py subunits separate from each other and dissoci- 
ate from the membrane, then propagate the signal further 
by interacting with downstream effectors [1]. 

The growth-factor-type receptors are activated by a 
ligand-induced protein dimeriration. Hormones and 
cytokines such as erythropoietin, granulocyte colony- 
stimulating factor and human growth hormone (hGH) 
can cross-link two receptors, resulting in the juxtaposition 



of two cytoplasmic tails. Many of the dimerization- 
activated receptors (for example, the receptor tyrosine 
kinases) have protein kinase domains within their cyto- 
plasmic tails that phosphorylate the neighboring tail upon 
dimerization. In related receptors, such as the cytokine 
receptors, the cytoplasmic tails lack intrinsic kinase 
activity but are fimctionally similar since they associate 
with protein kinases. In both cases, the phosphorylation 
results in the activation of a signaling pathway (see below). 

In the case of hGH and its receptor, structural studies have 
revealed the basis for the dimerizadon of the extracellular 
domain, which of course causes the dimerization of the 
intracellular domain. For this receptor, dimerization bring? 
together the associated J AK protein tyrosine kinases. hGH 




conformational homo- 
chanee dimerization 



Fig. 1. Allostery and proximity. The allosteric effect of a low 
molecular weight ligand such as a neurotransmitter on its G- 
protein-coupled (serpentine or seven-lransmembrane spanning) 
receptor and the dimerizing effect of an extracellular protein such 
as a growth factor, cytokine or hormone on its normally 
monomeric receptor. When a G-protein-coupIed receptor binds its 
ligand, a conformational change in the intracellular cytoplasmic 
loops of the receptor results in the activation of a trimeric G- 
protein, resulting in CDP/GTP exchange and the dissociation of 
the Ca subunil/GTP complex from the fff subunits. When a growth 
factor binds to its receptor, however, two receptors are crosslinked. 
If the cytoplasmic domain of the receptor contains a kinase 
domain, the two receptor tails will phosphorylate each other. 
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binds to the extracellular portion of the hGH-receptor 
with 1:2 stoichiometry by a homodimerizarion 
mechanism [2). The determination of the structure of 
hGH bound to two extracellular domains provides a fasci- 
nating insight into the workings of a natural homo- 
dimerizer (Fig. 2) [3]. Although the two receptor 
molecules that are brougjit together by a single molecule 
of hGH are identical, there is no symmetry in the hGH 
molecule. The two binding events can be clearly distin- 
guished, and must occur in the correct order. The first 
binding event, although it does not change the shape of 
the hGH molecule, creates a composite surface that can 
now bind to the second hGH receptor. Thus, binding at 
site 1 is essential to allow binding at site 2. By analogy with 
hGH, we define a dimerizer as an agent that has its effect 
by bringing two molecules together by binding to both of 
them. Although it may form only part of the binding site 
for the second molecule, it does not, or at least need not, 
change the shape of either molecule to have its effect. 

AUosteric conformational change is important in cell- 
membrane signaling pathways, the control of transcrip- 
tion, and the activity of several enzymes, to name just a 
few examples. But regulated protein dimerization is 
important in at least as many different classes of cellular 
processes, including diverse signaling pathways, immuno- 
logical recognition, transcription and the control of 
protein degradation. We will first examine a few examples 
of the importance of allosteric change before turning to 
areas in which regulated dimerization is important. 

Allostiery 

An allosteric conformational change is one that is 
initiated by the binding of a ligand (even a small 




Fig. 2. The homodimerizer human growth hormone (hCH, red) 
bound to two identical extracellular domains of its receptor (blue). 
The receptor domains are shown as molecular surfaces, and a 
sampling of the hGH protein side chains is also shown. A remark- 
able feature of the hCH homodimerizer is that it has two distinct 
receptor-binding surfaces that each bind the hCH receptor differ- 
ently, yet the binding site used by the receptor is essentially the 
same in both cases. Generated using the program GRASP 1 20]. 




Fig. 3. Bacteriorhodopsin's seven-helical bundle, allosterically 
regulated by all-trans-retinal (lefO and 1 3-cis-retinal (right). These 
are theoretical models based on atomic coordinates determined 
by electron diffraction and subsequent computational energy 
optimizations 14}. It is believed that the seven-transmembrane 
receptors function in similar ways. Generated using GRASP [20]. 

molecule) to a protein or macromolecule, but takes place 
at a location distant from the binding site. In most cases 
this ligand-induced conformational change influences 
the activity or function of the protein or macromole- 
cule. Nature and synthetic chemists have both provided 
many low molecular- weight molecules that can induce 
allosteric changes in their receptors with dramatic 
cellular consequences. 

Retinal is an example of a molecular switch acting on the 
halobacterial proton pump, bacteriorhodopsin. Bacterio- 
rhodopsin consists of a seven-helix transmembrane 
protein, but is not a receptor and is not linked to a 
trimeric G-protein. Instead, it is covalendy bound to all- 
trflfu-retinal, which upon photolysis isomerizes to 13-a5- 
retinal.This event results in a conformational change in 
the protein's helical bundle, opening an ion channel and 
inducing a proton concentration gradient across the 
cellular membrane (Fig. 3; [4]). This gradient drives ATP 
synthesis in the bacterium. 

An elegant example of allosteric protein activation is the 
metabolic self-regulation of tryptophan biosynthesis. The 
trp repressor is a dimeric protein that regulates the tran- 
scription of the trp operon, which encodes the trypto- 
phan biosynthesis genes. In the absence of tryptophan, 
the protein is inactive and the rrp operon genes are trans- 
cribed, aUowing the biosynthesis of tryptophan. Once the 
protein binds to tryptophan, it changes its conformation, 
and becomes activated (Fig. 4; [5,6]). The active confor- 
mation of the repressor allows it to bind specifically to 
the operator region of the trp operon. When the operator 
site is bound, the promoter region is blocked, preventing 
transcription. Therefore, in the presence of excess trypto- 
phan, tryptophan biosynthesis is turned off. 

The anti-HIV agent nevaripine [7] is a synthetic 
molecule that inhibits reverse transcription of viral RNA 
mediated by HIV-1 reverse transcriptase (RT). The 
proposed mode of action is based partly on the crystal 
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structure of Steitz and coworkers (Fig. 5; [8]), which 
shows that the RKA template that RT copies into DNA 
binds in a large cleft with a shape resembling that of a 
right hand. The subdomains of the cleft are termed the 
'fingers*, 'palm* and 'thumb', and the function of the 
enzyme appears to involve a conformational change of 
the thumb with respect to the palm and fingers. The 
nevaripine-bound conformation of HIV-1 reverse trans- 
cripuse is thought to inhibit polymerase activity by 
crimping or restricting the morion of the 'thumb'. 

Thus allosteric change occurs in diverse types of proteins, 
is induced by diverse ligands, and has a variety of effects. 
Such allosteric changes have often been the target of 
drug development efforts, and agents that affect them will 
no doubt continue to be important in improving our 
understanding of cell biology as well as in medicine. 

Induced proximity 

The homodimerizing action of growth factors and 
hormones, of which hGH is one example, sets in motion 
intracellular signaling pathways that also depend on the 
proximity induced by regulated protein dimerizarion. 
Many growth-factor receptors activate the well-studied 
Ras pathway, in which several contingent protein hetero- 
dimerizarions result in the translocation of signaling 
.proteins to the inner leaflet of the plasma membrane (Fig. 
6; [9]). The first step in the pathway initiated by homo- 
dimerization of the epidermal growth factor (EGF) 
receptor, for example, is fra«5-phosphorylation of tyrosines 
in the tail of the membrane receptor. The phosphorylated 
receptor tail can now bind the protein Grb2, which 
contains one SH2 domain that binds phosphotyrosine 
residues in the receptor tail [9]. The molecular deuils of 
this association are now understood (Fig. 7; [10]). Grb2 is 
a hcterodimerizing agent; as weU as the SH2 domain that 
permits association with phosphorylated receptor tails, it 
also contains two SH3 domains that bind a number of 
proteins including an activator of Ras named Sos. Ras is a 
GTP-binding protein, but is not one of the class of 
heterotrimeric G proteins that is direcdy activated by the 
seven-transmembrane spanning receptors shown in Fig. 1 ; 
however, it is activated in the same way, by the exchange 
of GDP for GTP. Ras carries farnesyl and palmitoyl 




Ftg. 4. Turning off transcription. The trp aporepressor (left) and the 
altered conformation of the activated repressor (right) bound to tryp- 
tophan (green) and duplex DNA. Generated using GRASP 1201. 



Fig. 5. Nevaripine (yellow) bound to the p66 domain (blue) of 
HIV-1 reverse transcriptase. The p51 domain (red) serves as a 
scaffolding for the p66 domain and the RNase H domain (white). 
The orange spheres represent the polymerase active site and the 
lavender balls show the RNase H active site. Modeled into the 
structure is single-stranded RNA (green) and single-stranded 
DNA (white). Courtesy of Dr juMan Adams, Myogenics Inc., 
Cambridge, MA. The action of the 'thumb' (arrow) is thought to 
be essential for DNA polymerization activity, and to be blocked 
by nevaripine. 

groups, and therefore resides in the inner membrane; 
when Grb2 moves to the membrane with Sos. it thus 
brings Sos into proximity with Ras. Sos can then promote 
the exchange of GTP for GDP, activating Ras. Unlike the 
G-protein coupled receptors, which require allosteric acti- 
vation to promote GDP release from the heterotrimeric 
G proteins, Sos only needs to be brought close to its target 
to initiate signalling. Thus all that is necessary for signaling 
is recruitnlent of Sos to the rnembrane by a hetero- 
dimerizing agent, in this case Grb2 [11]. 

Organic heterodimerizers 

Once Ras is bound to GTP, yet another inducible 
protein-dimerization event results. Activated Ras binds to 
the serine/threonine kinase Raf and recruits it to the 
inner membrane; at present, it is unclear how GTP 
binding allows Ras to bind to Raf. One possibility is that 
GTt^ acts like a heterodimerizer, binding simultaneously 
to both Ras and Raf. 

An analogous situation exists with the low-molecular- 
weight, organic heterodimerizers cyclosporin A (CsA) 
and FK506 (Fig. 8) [12]. By binding tightly to the 
soluble, cytosoHc protein FKBP and forming a 
composite surface, FK506 recruits it to the protein phos- 
phatase calcineurin, which is associated with intracellular 
membrane components via its myristic acid moiety. CsA 
similarly binds cyclophilin and calcineurin simultane- 
ously, and the result in both cases is the inhibition of cal- 
cineurin function^ which is required for intracellular 
transmission of the signal that emanates from the 
activated T cell receptor. Because of the immunosup- 
pressive effects of their ligands, FICBP and cyclophilin are 
known as immunophilins. 
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Fig. 6. The early steps of the Ras pathway, illustrating the role of 
bomodimerizers and heterodimerizers. Once the cytoplasmic 
domain of the growth factor receptor has been phosphorylated 
(see Rg. 1), it can bind the heterodimerizer Crb-2.This in tum 
binds 5)s, a guanine nucleotide exchange factor for Ras, bringing 
it to the membrane and into proximity with Ras, which is held 
near the membrane by farnesyl and palmitoyi groups. The 
exchange of GDP for CTP creates a binding site for Raf; thus, OTP 
in this context can be considered to be a heterodimerizing agent 



CsA and FK506 clearly make contact both with the 
immunophilin and with calcineurin. Like the hGH 
receptor homodimerization induced by hGH. however, 
heterodimerizer binding to the second protein is 
dependent on the first binding event. Thus, CsA does 
not bind to calcineurin unless it has already associated 
with cyclophilin, nor can FK506 bind to calcineurin in 
the absence of FKBP. In both cases, a composite surface 
composed of both the immunophilin and its organic 
ligand is formed that is recognized by calcineurin. 
These natural products and others that, like them, can 
have a biological effect by bringing two proteins into 
close proximity, fall into a new class of 'chemical 
inducers of dimerization* (CID) that seems certain to 
grow in the future. 

The view of these natural products as small molecule 
heterodimerizers, equipped with two protein-binding 
surfaces, reveals another fascinating aspect of natural 
dimerizing agents. They can cause a single protein to bind 
to multiple protein partners, with specificity determined 
by the dimerizer. An example is seen in the case of 
FKBP12.This immunophilin binds to another natural 
product and heterodimerizer, rapamycin. Rapamycin 
binding creates a composite surface distinct from die one 
formed with FK506, resulting in the heterodimerization 
of another signaling protein, the putative lipid kinase 
FKBP-rapamycin-associated protein (FRAP) [13,14). 
FKBP12 binds neither calcineurin nor FRAP, but in the 
presence of the heterodimerizers FK506 or rapamycin it 
can form two distinct receptor-ligand-receptor 
complexes (Fig. 9), FKBPl 2-FK506-calcineurin and 
FKBP12-rapamycin-FRAR The former complex 
prevents resting cells from entering into the cell cycle, 
while the latter prevents ceils from progressing through 
the first gap phase (Gl) of the cell cycle. 



Peptide dimerizers 

The most remarkable illustration of the. ability of dimer- 
izers to increase the number of targets an individual 
protein can bind to is surely that of the MHC class I and 
II antigen-presenting molecules. Any given member of 
this family can bind many diflferent peptides; these 
peptides are routinely produced by degradation of 
proteins within the cell. In most cases the peptide is 
derived from a self protein, but in some cases it results 
firom the degradation of a viral or bacterial peptide. 
MHC class I and II molecules select peptides firom this 
mixture of self and foreign peptides according to the 
preferences of their binding sites, and present them toT 
cells for identification. Depending on which peptide has 
been selected, the surface of the MHC-peptide complex 
will vary slighdy in shape, which in turn will determine 
which of the many T cell receptors available will bind to 
the complex [15], The antigenic peptides can be viewed 
as heterodimerizers that elicit a biological response by 
forming a composite surface with their MHC receptor, 
thereby inducing a specific protein— protein interaction 
that otherwise would not occur. 

The importance of dimerizers and inducible proximity is 
not restricted to the early and intermediate events of 
signaling pathways. The culmination of many of these 
pathways is the acdvation of transcription in the nucleus, 
and here, again, regulated heterodimerization is 
imporunt. Indeed, transcriptional activators themselves 
can be viewed as heterodimerizers composed of DNA- 
binding and protein-binding surfaces (Fig. 10). Class II 
nuclear genes have an clement within their promoter 
region known as the TATA box, a short sequence 
composed entirely of T-A base-pairs. The TATA-box 
binding protein (TBP) is required for initiation of tran- 
scription of aD such genes. TBP alone does not efficiendy 
activate transcription, however; it requires a number of 
transcription factors and TBP-associated factors (TAFs). 
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Fig, 7. Crystal structure of the SH2 domain found in the non- 
receptor tyrosine kinase Src, bound to the phosphorylated peptide 
ligand pYEEI. The heterodimerizer Grb-2 is expected to bind its 
phosphorylated substrate in a sii^ilar way. This structure thus gives 
insight into one of the two protein-ligand interactions required for 
a natural dimerizer to function. Generated using GRASP 1201. 
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Fig. 8. FK506 and CsA both function as heterodimerizers by 
causing immunophilins to interact with the signaling protein cal- 
cineurin. These ligands create a composite surface following 
binding to their immuriophilin receptors that results in the 
formation of high-affinity ligands to calcineurin. CNB, calcineurin 
subunit B; CaM, calnwxlulin; Imm, immunophilin; U ligand. 

Enhancers that specifically regulate the transcription of 
these genes do so by binding to an enhancer sequence 
some distance from the site of initiation and recruiting a 
TBP-associated factor (TAF) to the vicinity of the TATA 
box, facilitating the complete formation of an initiation 
complex. Thus, the activator uses its ability to bind both 
DNA and TAF to bring the latter into close proximity 
with the neigjiboring promoter sequence [16]. 

Although signaling pathways are perhaps the richest source 
of examples of the induction of proximity using molecular 
dimerizers. this mechanism of information transfer is not 
limited to signaling. We have already seen that proteins can 
be caused to translocate to various parts of the cell by 
dimerizers. The recruitment of signaling molecules to the 
inner membrane serves to illustrate how this process can 
activate the protein, by bringing it into close proximity 
with its substrate. Proteins can also be induced to trans- 
locate to a muldprotein complex known as the proteasome, 
which degrades ceUular proteins (providing, as well as a 
mechanism of protein removal, a source of peptides for pre- 
sentation by MHC molecules). An interesting example of 
this process involves the human papilloma viral (HPV) 
protein E6 [17]. The function of E6 appears to be to dirert 
the tumor suppressor protein p53, produced by the host 
ceR, to the proteasome, where it is proteolytically degraded. 
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Fig. 9. FK506 and rapamycin both bind FKBP12, but each forms 
a different composite surface resulting in the heterodimerization 
of the immunophilin with different signaling proteins thereby 
resulting in different biological outcomes. In the T cell receptor 
rrCR) signaling pathway, engagement of the ICR by an appropri- 
ate MHC-peptide complex initiates signaling via inositol triphos- 
phate (IP3) and calcineurin, which eventually leads to the 
activation of the cytoplasmic component of the transcription 
factor NFAT (NFAT^), and entry of cells into the cell cycle. The 
FKBP12-rapamycin complex, on the other hand, blocks the 
signaling pathway initiated by the IL-2 receptor and several other 
cytokine and growth factor receptors (CFRs) by binding to 
FKBP-rapamycin-assocated protein (FRAP). The FRAP signaling 
pathway activates the protein p7Q^^^ and cycl in-dependent 
kinases (cdks), and causes the cell to make the transition from the 
first gap phase of the cell cycle (CI ) to the synthesis (S) phase. 

This seems to be an important factor in the ability of high- 
risk strains of HPV to cause cervical cancer. E6 binds to a 
cellular protein, the E6-associated protein (E6AP); the 
complex then binds to p53 and directs it to a set of 
enzymes involved in the ubiquitination of lysine sidechains 
(Fig. 11). Ubiquitinated proteins are * tagged* for degradation 
by the proteasome. E6 is thus acting as a heterodimerizing 
agent, bringing p53 close to the machinery that identifies 
proteins for removal. The structural aspects of this overall 
process have not yet been studied in detail, but the overaU 
process is another clear illustration of a proximity eflFect. 
Proteins do not wander stochastically on the way to their 
fatefol encounter with the proteasome, but are induced to 
become targets for it by the action of molecular dimerizers. 

Synthetic dimerizers: new opportunities for intervention 
Our familarity with the concepts of conformational change 
induced by allosteric agents has facilitated the discovery of 
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Fie 11. Human papilloma virus-mediated ubiquitination of tlie 
tumor suppressor p53. Ubiquitination of the terget protein occurs 
through initial conjugation of the "biquitin-activating enzy^ 
(El) with the carbixy-terminal glycine of ub.qu.t.n (Ub) via a 
cysteine residue, followed by a cysteine residue transfer from El 
Kiquitin^orijugatingenryme (E2p). E6 and the E6-assoa- 
ated protein (E6lAP) bind specifically to the tumor suppressor 
p53, and, acting as an adaptor, work with E2 to facilitate the 
degradation of p53 via the ubiquitination pathway. 

synthetic versions of these molecules. Many examples of 
synthetic allosteric agents can be found in medicmi^ and 
some of these have faciHtated the study of basic ceUular 
mechanisms. By recognizing the prominent role of namtal 
dimerizen in cell biology, die properties of orgamc eqmva- 
lents can now also be readily and reUably predicted. 
Formulating the structures of CIDs and synthesizing diem 
will be a new. and worthwhUe, challenge. Nature has 
provided dear illustrarions of die feasibility of diis approach 
in the form of the natural products CsA, FK506. and 
rapamycin. These low-molecular-weig&t, organic het- 
erodimerizers are monomeric molecules equipped widi 
two distinct protein-binding surfaces. One approach to 
construcdng a designed CID involved converting die 
monomeric heterodimerizer FK506 into the dimeric 
homodimerizer FK1012 by eUminadng one of FK506s 
protein-binding sur&ces and replacing it widi an element 
that crosslinked the modified natural product [18,19]. 

It is easy to imagine die mixing and matchir^ of different 
protein-binding surfaces using synthetic organic 
chemistry, to create new dimerizers with uUor-rnade 
properties. Since protein dimerizers simply create a high 
local concentration of a particular protein at a particular 
ceUular location, their actions wiU not require the 
geometric precision associated with allosteric agents. This 
fact, combined with our increasing abihty to generate 
specific protein-binding surfaces eidicr by screemng or by 
design, suggests that syndietic dimerizers might be even 
more readily accessible dian die classical allosteric agents. 
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A. Combinatorial Organic Synthesis 

The notion <rf creating huge, searchable libraries of small , 
orgonicmolecules is unprecedented in m^diud chemistry, 
and the possibility of doing so has recentiy captured.the 
imagination of the drug-discovery community. • The 
conventional paradigm of small molecule lead develop-^ 
ment, in which a compound undergoes many rounds of 
individualized, hand-crafted modification and biological 
testing en route to drug candidacy, will likely be dramati- 
cally accelerated by the application of combinatorial 
chemistry technologies to mass-produce and evaluate lead 
analogs. The ability to harness molecular , ^versity 
techniques as tools for lead discovery o£ferB an imparalleded 
opportunity for medicinal chemistry to ex^azid the breadth 
and scope of molecular structures that may .be. screened- 
for biological activity. Widespread availabOity of collec- 
tions of highly diverse snaall-molecule Hbraries .shoulcl 
provide an opportunity to assess the impact pf combinia- 1 
torial organic synthesis on new-lead discovery. Jn this, 
section of part 2, some of the issues which coiifront the 
practitioner of combinatorial organic synthesis, as they, 
relate to the problems of molecular recognition in general^ 
and medicinal chemistry in particular, wUl be analyzed. 

Issues in Practicing Combinatorial Organic 
Synthesis - ^* 

Combinatorial organic syntiiesis (COS) presents some- 
what of an intellectual inversion of the. past 50 years of 
synthetic organic chemistry. The chemist of the Wood- 
wardian era was interested in a masterful and carefully 
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plotted natural product synthesis of a comp.<5X entity of 
known structure. Reactions were more often employed 
or developed to solve specific challenges rather than to 
provide generic methodologies. Rigorous cpnixol of reac- 
tion pathways, stereochemistry, and regiochemistry, and 
the exclusion of all but the desired diastereomer were 
obligatory in a faithful rendering of the technique. In 
contxadistanction to natural product total synthesis, rather 
than generating a single, specific entity, the goals of COS 
are to createpopaZations of molecular structures. Rather 
thfiw f>ror f^Qm g complete control, the combinatorial chem- 
ist, while winmtjiinmg high reaction efficiency and relative 
reactive compatibility, may actually seek to create situ- 
ations and apply strat^es in which stereochemical/ 
regiochemical control is relaxed. This must be achieved 
while remaining cognizant of the impact these factors may 
have on the stoichiometry of the resulting libary and its 
design and ultimate use. Hence, the combinatorial chemist 
seeks to apply aseries of Woodwardian reactions (reliable, 
yielding) that operate generically on a diverse set of 
building blocks to provide a multitude of related products. 

Criteria for Library Design, The primary objectives 
of produdng small-molecule libraries by COS are to provide 
collections of compounds suitable for both drug-discovery 
screening and drug-development optimization. When 
complete, the combinatorial drug-discovery exerdse should 
have created a stable population of low molecular weight 
entities, free of reactive and toxicity-causing functionality. 
While a paramount medicinal chemistry design criteria 
for amall-molecule-libary construction might be that the 
products of diversity generation (individual library mem- 
bers) should nook" like drug leads, of still greater 
importance is that the library actually contains compoimds 
capable of mterading at some detectable level with the 
biological target of interest When small-molecule leads 
for a target have been previously defined (e.g., benzodi- 
azepine ligands for a peptide or other (J-protein-coupled 
receptor, transition-state inhibitors for a protease), the 
notion of searching for more potent derivatives among 
libraries combinatorially enriched in specific pharma- 
cophore analogs is an obvious tactic to pursue. However, 
as the universe of well-defined macromolecular drug targets 
continues to expand throiigh the impact of molecular 
cloning, the problem of identifying new pharmacophores 
capable of modulating the various interactions of peptides, 
pn>teins, carbohydrates, oligonucleotides, or lipids at these 
sites will also be intensified. 

Will •rules* about the types of libraries that may prove 
generally useful in ligand discovery be discovered? Al- 
though the field of molecular diversity has not yetpiatured 
to the point where substantial insight into this question 
is forthcoming, it is intuitively obvious that small-molecule 
libraries, whose members structurally resemble historical 
lekds, should provide a fertile reservoir of potential 
molecular diversity. Tangential to this, natural products 
aside, numerous historical drug leads were derived shnply 
because synthetic routes to these molecules were readily 
available. It bUkely that early-stage COS will be limited 
by applicable chemistry and that this will necessarily focus 
work toward traditional leads, whose syntheses are known 
and well-documented. 

The succe^ful identification from recombinant libraries 
of L-amino add-based peptide ligands thatinhibitprotein- 
peptide, protein-protein, and protein-carbohydrate in- 
teractions suggests there is broad utility in screening large 
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libraries of peptidic compL iS. It remains to be seen 
whether collections of other random molecular structures 
tiiat are quantitatively as diverse as existing peptide 
libraries grove in de novo ligand discovery to include the 
"phairmacbphofes ofthe future". 

Ligand rigidity may be another unportant parameter to 
considerinthecourseoflibrarydesign. The incorporation 
of conformational constraints into flexible lead molecules 
has emerged as a powerful strategy to enhance ligand 
potency and/or selectivity, particularly in the field of 
peptidomimetic medicinal chemistxy.^^*^ Nevertheless, 
with regard to library design, conformational restriction 
may act as a two-edged sword: an inappropriate constraint 
is likely to abrogate the modest b\it perhaps detectable 
activity of a more flexible analog, which could, in a 
secondary library, be systematically constrained. From 
the point of view of random screening, it remains to be 
determined whether useful leads will arise more frequentiy 
from libraries of rigidified or flexible structures. Data 
from the evaluation of cyclic peptide libraries in both 
synthetic and recombinant systems may provide some 
important insights into this issue. A nxmiber of methods 
have been recentiy described for on-resin cydizfition of 
peptides tiiroiigh both main-chain arid side-chain func- 
tional groups.^^^!^ At present, a portfolio of libraries 
containing both conforinationally rigid and relaxed mo- 
lecular diversity seems most appropriate. A longer range 
solution might be to moderate the high risk of confor- 
mational restriction by creating very large populations of 
semirigid molecular arrays, comprising structural families 
that collectively sample as completely as possible all regions 
of conformational space. 

Characterization. The usual measmres of evaluating 
success in organic synthesis may lose meaning in COS. 
The classical notions of such fundamental concepts as 
purity/homogeneity, yield, exact product structure, relative 
and absolute stereochemical control, . specific physical 
properties are less relevant when applied to a broad 
population of niolecules (of course they may become quite 
relevant as individuals emerge from a selection process). 
Additionally, the analytical mainstays of the synthetic 
organic chemist, such as NMR and IR, may become 
obviated. The NMR spectrum of a 10 000-component 
library mixture is not diagnostic The loss of these 
powerful tools reqxiires that compensating technologies 
be developed. A major dilemma of COS is the difficulty 
of confirming the degree to which the expected chemistry 
has proceeded on the entire population of substrate 
molecules. Several groups have recentiy reported on the 
use of electrospray mass spectrometry as a technique for 
evaluating the bulk composition of diverse peptide li- 
beries.^ Gross synthetic discrepancies, such as mcom- 
plete protecting group removal, may be detectable by mass 
analysis, providing an opportunity to optimize the library 
synthesis protocols. In the characterization of combina- 
torial products, the presence, of "byproducts" (in, COS, 
unexpected products), combined with the difficulty of 
detecting these compounds, will cause problems if one 
mistakenly concludes that a screening hit is the expected 
product This section will conclude by offering a potentid 
solution to this problem. 

Efficiency/ Automation. Among^the chemical criteria 
relevant for small-molecule-library design is the efficiency 
of diversity creation. The assembly of most small mol- 
ecules reduces to the intercombination of only three to 
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, five buflding blocks of molecular we-^^c ~150 each. 
Synthetic reactions capable of combinmg numerous 
bmlding blocks simultaneously constitute ahighly efficient 
form of diversity generation. Thus the Ugi four-compo- 
nent reaction has a high combinatorial efficiency since 
building blocks of four families (amines, carbonyl com- 
pounds, isocyanides, and suitable acid components) are 
linked simultaneously to afford a-amino acid derivatives. 
In contrast, peptide chemistry traditionally links two 
building blocks at a time. In both the broad screening 
and the lead analoging modes, a longer range question 
pertains to the ability of the chemistiy to eventually be 
automated. Once the key decisions and overall strategy 
have been determined, much of the actual chemistry is 
repetitive in nature. Machines will continue to be 
constructed to capitalize on this and libraries will be 
assembled under computer controL^^^^ 

Quantity and QuaUty of Diversity. While the 
"quantity of diversity" that is experimentally accessible 
can be dictated by the number of building blocks in tiie 
basis set and by the number of synthetic operations 
applied, or able to be applied (see part 1^), the practical 
limitations on library size are most generally imposed by 
the format within which the diversity is created and 
evaluated. A small number of buildmg blocks subjected 
to many synthetic steps will yield high (numerical) 
diversity; however the products of these reactions may be 
relatively large molecules, not well-smted for lead devel- 
opment as traditionally administered therapeutics. Thus, 
as the combinatorial process proceeds, an opportunity 
window may exist in which the bulk of the library possesses 
properties which standard medicinal chemistry usually 
seeks in small-molecule drug discovery (MW < 700, 
solubility, etc). Continued application of the combina- 
torial process will lead to product libraries containing larger 
molecules (composed of more building blocks) wherein 
the individual library members have "outgrown" the 
classical criteria of a lead-drug molecule. 

In surveying the historical landscape of drt^ discovery, 
there are particular pharmacophores or structural arrays 
which periodically surface far in excess of random chance 
(benzodiazepines, /5-lactams, imidazoles, phenethylamines, 
etc.)."^ A review of recent successes in the era of "rational 
drug design" suggests ihai certain molecular concaten- 
ations—protein turn munetics, conf ormationaDy restricted 
amino acids, transition-state analogs, dipeptide isosteres, 
molecular scaffolds, designed elements for enzyme 
inhibition— are often found in the medicinal chemistry of 
lead compound development. In consideration of the 
molecular structures which have left their mark on modem 
medicinal chemistry, one might conclude that the drug- 
discovery process is impacted not only by the sheer 
quantity of diversity surveyed, but additionally by tie 
more' subjective "quality" of diversity that is evaluated. 
Different orgaiiizations and individuals will certainly bring 
a wide variety of criteria to the subjective appraisal process, 
depending on style, experience, and bias. It may be 
speculated that the quahty of diversity will be influenced 
by the sophistication of the building blocks originally 
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intrcKluced into the con Jig system (library bias on the 
part of the medicinal chemist) and the extent to which 
molecular substructures of the building blocks can be 
assembled in diverse, spatial (3-D) relationships. Thus 
the collected expertise of medicinal chemical knowledge 
may be used to *^yperevolve*? or "bias" the libary by tiie 
planned introduction of commonly evolved elements; t^ese 
elements are "retrocombinatorial synthons* of many 
known bioactive classes. Thus the building block basis 
set must be judiciously chosen and carefully attuned to 
the collected knowledge historically amassed in drug 
discovery. 

Issues in the Selection of Building-Block Sets . 

The acquisition of a building-block library can be a major 
time and resource investment, and the eventual decision 
of which type of chemical building blocks to utilize places 
limits on the universe of structural diversity which 
ultimately can be explored.. Depending on the specific 
objective, important building-block criteria mdude the 
availability of a large number of diverse, fairly complex, 
easily accessible starting materials. These may be either 
commercially availahle or prepared in a few steps from 
commercial materials. Members of a building block set 
shouldreflectabroad array of physicochemical properties, 
functionality, charge, conformation, etc. Building blocks 
may be chiral, achiral, or racemic Certain building-block 
families have what may be termed a high "combinatorial 
potential". This relates to the high density per carbon 
atom of reactive functionality which can participate in 
new covalent combinations. For example, monosaccha- 
^ rides have high combinatorial potential since the high 
density of available hydroxyl groups leads to many 
potential connecting permutations. In addition to polymer 
formation, the high combinatorial potential of such types 
of building blocks may also be exploited as scaffolds for 
the generation of diversity (vide infra). 

Synthetic Strategy 

An important strategic element in combinatorial library 
synthesis is the degree of reliability of the Ugand synthesis 
chemistry. What is the likelihood of general synthetic 
success with a particular reaction? The nature of com- 
binatorial reactions, which must proceed in the face of a 
broad range of functionality on a multitude of substrates 
and where the products are difficult to analyze individually, 
demands that, in selection of synthetic methodologies, 
greater weight must be given to reaction sequences with 
reliable, predictable outcomes. A more subtie question 
revolves around the number of synthetic options available 
in the course of diversity generation. For example, a 
synthetic strategy structured in such a way that, as the 
process proceeded, new combinatorial possibilities opened 
up, would be preferable to having options narrow, espe- 
cially if the goal was generating a maximum of structural 
diversity. 

As previously noted, there are two distinct themes that 
must be considered for the successful application of 
combinatorial technologies to ligand discovery and opti- 
mization, viz. broad-based screening and directed chemical 
analoguag. The issues underlying conceptual design, as 
well as the synthetic strategies utilized in construction of 
these different da^es of libraries, are noteworthy and are 
simmiarized in Figure 1. Building block requirements for 
undertaking broad and narrow diversity searches differ 
markedly. The search for an initial lead molecule may be 
essentially a random screening exercise, where the em- 
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Figure I. Combinatorial chemistry: comparison of two m^or 
themes. 



phasis is on exposing a macromolecular drug target to the 
TnnYiTnnm possible Structural diversity* The objective is 
to identify a ligand of significant affinity for the target, 
the exact ligand structure and its detailed characteristics 
at this point are not relevant in fact any molecule will do. 
An approach to generating highly diverse librari^ for use 
in medicinal chemistry might favor using buildmg blocks 
which have distinguished themselves by appearing fre- 
quently in previous active leads (e.g,, statine, hydroxy- 
ethylamines, Freidinger lactams^®). On the other hand» 
once a lead is available, most drug discovery pro^eds 
through a series of evolutions (optimizations) in order to 
meet a set of predetermined criteria. Since, specific 
structural types are sought, searching in a very broad pool 
of diversity (as above) is unlikely to be successful (actually, 
it could imcover a new lead but is less likely to optimize 
an existing one). Ideally, what is required in this type of 
diyersity-generating strategy is to "explode" around ihe 
known lead, Le., to create as highly itiiverse population as 
possible that bears close structural resemblance to the 
original hit, followed by a selection for desired criteria. 

Clearly the subunits which lead to predetermined 
structures must be quite specific: from where should 
buflding blocks for known structural classes of pharma- 
cophores arise? The answer, as in organic synthesis, lies 
in a retrosynthetic analjreis or what we may term a 
retrocombinatorial approach to building-block selection. 
Lead structures should be retrosynthetdcally dissected in 
the TOATiTTinTn number of ways and upon these various 
possibilities imposed the needs of performing combina- 
torial chemistry. Inspection of the retrosynthetic tree 
invites the following key questions: By which modes of 
forward synthesis are the most building blocks available 
or obtainable? If the synthesis is allowed to proceed by 
that course, what is the scope and degree of reliability of 
tiie necessary reactions? Extending this line of reasoning 
should permit the maximum leverage to be applied 
combinatorially. 

A common feature of both paradigms is likely to be a 
reliance on solid-phase-synthesis methods to facilitate the 
assembly of combinatorial libraries. S3nithesi5 on a 
polymeric support greatly simplifies the problem of 
product isolation from Teaction mixtures and also facili- 
tates the partitioning of prcKlucts Into multiple aliquots 
for subsequent chemical elaboration. Moreover, the 
opportunity exi^ to take advantage of the support- 
tetiiered diversityCin the design of convenient receptor 
binding assays fo^ library evaluation. While there has 
been a long tradition of polymer-supported organic 
chemistry,"-^** it is only in the areas of peptide and 
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Polycazbamates 

Figure 2. Structure of a synthetic oligocarbamate prototype. 




Figure 3. Synthesis of N-protected nitrophenjd carbonate 
monomeis. Key: (a) BHs, THF; (b) DCC, methylwie chloride, 
iy-hydra^ucdnimide, HOBt; thesi sodium borohydride, ethanol; 
(c) p^nitrophenyl chloroformate, methylene chloride, pyridine., 

oligonucleotide synthesis that solid-supported chemistry 
has truly been optimized and become common-place. The 
advent of combinatorial organic synthesis will undoubtedly 
signal a renaissance in solid-phase organic chemistry, as 
workers attempt to adapt well-characterized homogeneous 
reactions to reliable solid-supported protocols. 

Progress to Date: S3^thetic Polymeric Diversity: 

The design and syntiiesis of novel synthetic monomers 
which, when eissembled in a combinatorial fashion, could 
yield relatively low molecular weight polymeric materials 
is an approach that is well-suit^ to diversity generation 
and evaluation. (Combinations of such monomers could 
lead to substances with novel backbones, possibly pos- 
sessing desirable properties, such as metabolic stability, 
enhanced pharmacokinetic profiles, and cell and mein- 
brane permeability. Identification of these and other 
potentially modifiable parameters in such systems could 
facilitate drug discovery, * , 

Schultz and co-workers have reported the synthesis of 
a library of oligocarbamates starting from a basis set of 
chiral aminocarbonates^^ (Figure 2). The monomeric umts 
were readily obtained by the modification of amino acids 
via the intermediacy of the corresponding chiral amino 
alcohols (see Figure 3). The resulting nitrophenyl car- 
bonate building blocks (3) were stable for several months 
at room temperature. 

Oligocarbamates were synthesized on a solid support 
by deprotection of a resin-botmd amine, protected with 
either the base-labile Pmoc or photolabile nifroyeratryl- 
oxycarbonyl (Nvoc) group, followed by treatment with a 
nitrophenyl carbonate of type 3. The deprotection/ 
coupling cyde was repeated until an oligocarbamate of 
the desired length was attained (seven or eight cycles). 
Overall coupling yields were greater than 99% per step. 
Side-chain deprotection followed by resin cleavage af- 
forded the desired oligocarbamates (Figure 4). 

The VLSIPS photolithographic chip format, previously 
employed for oligopeptide synthesis, was used in the 
construction a spatially-addi^essable oligocarbamate li- 
brary of 256 members. An anti-carbamate monoclonal 
antibody served as a model receptor for screening against 
this array. Antibody:oligocarbamate complexes were 



Perspectiue 



[Repeat a,U« 



Figured. Solid-phase synthesis of oligocarbamates. Key: (a) 
nitrophenyl carhonate monomer, HOBt, diisopropylethylamine, 
NMP; (b) piperidine, NMP or hv; (c) acetic anhydride, NMP; (d) 
TFA^ triethylsilane. • - 
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Figure 5* Companson of peptide and peptoid backbones. 

detected by treatment of the chip with a fluorescein- 
conjugated secondary antibody, followed by analysis using 
scanning epifluorescencemicroBcopy. Because the location 
and structure of each different library member is defined 
by the synthetic strategy (binary masking) used in this 
technique, the necessity of sequencing the products is 
obviated. The binding activities of putative hits were 
confirmed by conventional assays using authentic material 
prepared by independent syntii^is. A preliminary evalu- 
ation of the physicochemical properties of oligocarbamate 
molecules indicate that they are more hydrophobic than 
the corresponding peptide homologs, and their expected 
resistance to several proteases was confirmed. 

Another type of synthetic polymeric diversity has been 
developed by Simon et ai.^^ Through a variety of 
preparative routes^ this group created a basis set of 
monomeric N-substituted glycine units, each bearing a 
nitrogensubstituentsimilar to those of the natural a-amino 
acid side, chains. The formal polymerization of these 
monomers results in a class of polymeric diversity which 
these workershave termed "^ptoids" (Figure 5). Peptoids 
maybe synthesized either manually or robotically following 
either a >full monomer" oligomer synthesis or via a 
^'submonomer" synthesis, as reported by Zuckermann et 
al.^ and illustrated in Figure 6. Various biological 
activities have i^n established for spekdfic peptoid 
sequences^, including inhibition of a-amylase and the 
hepatitis A virus 3C protease, binding to the tat RNA of 
HIV22, and^antagonism at the ai-adrenergic receptor.25 
The peptoid c^proach to diversity generation has been 
extendi to the preparation of encoded combinatorial 
libraries, in which natural amino acids code for the 
structure of the peptoid chain^^ (see part 1^ and Figure 7). 

An important .variant of the synthetic polymeric di- 
versity approach directed toward construction of a 
chemical library, in which the peptidyl backbone is 
conserved but a dipeptide unit is replaced at specific 
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Figure 6. Synthesis of peptoids. 

positions by a phosphonate dipeptide surrogate (see Figure 
8). Such phosphonate pharmacophores are well-known 
as transition-state analogs for amide bond cleavage and 
have found wide usage in the inhibition of metallo- 
proteases.27-29 Campbell has described methods for the 
solid-phase synthesis of peptidylphosphonates that are 
compatible with the Fmoc/*Bu protecting group strategy 
of standard peptide synthesis.30 The key reaction step is 
formation of the phosphonate ester bond, which is achieved 
via a modified Mitsunobu condensation (Figure 9). 
Precursor lactic acid and protected amino phosphonate 
building blocks are prepared as shown m Figure 10. 

When this process is applied to the combinatorial 
synth^ of peptidylphosphonates, the diversity product 
will be a metalloprotease enzyme inhibitor library. En- 
zyme-inhibitor libraries of this tyx>e and those focusing on 
other known mhibitory pharmacophores (thiols, hydrox- 
amates, carboxyalkyldipeptides, etc.) may prove to be 
important tools in rapidly profiling novel proteases and 
for determining which pharmacophores are most effective 
at their inhibition. Using this knowledge, secondary 
inhibitory librari^ can be constructed to optimize original 
leads. Through such a process it may be possible to 
dramatically accelerate the process of finding high-afflnity 
enzyme-inhibitor Uganda. 

Another interesting type of polymeric diversity based 
upon a vinylc^ous polypeptide backbone has recentiy been 
reported by Hagihara et ci,,^^ in which introduction of a 
trans olefinic linkage between the a-carbon and the 
carbonyl group of various amino acids is generalized. 
Additionally, Smith and colleagues have synthesized a non- 
amide polymer of (3,5)-linked pyrrolin-4-one oligomers 
which mimic the /^natrand conformation of a normal 
peptide chain32 (see Figure 11), 
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Figure 10. Synthesis of peplidylphosphonatebiiildiiig blocks. 
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Figure 7. The synthesis of an encoded library consists of the 
following steps: (1) A bifunctional linker containing two or- 
thogonally protected points of extension (Na-Fmoc-NeMoz-Lys- 
OH) is attached to polystyrene resin via an add-labile linker. (2) 
The solid support is divided into n equal portions at a mixture 
position. (3)AuniqueNa-Fmoc-protectednon-imtui«lmoii6iner 
(B) is coupled to tJie "binding" strand. (4) A series of Na-^Ddz- 
protected L-amino acids (C) ^re then coupled to the "coding" 
strand, (5) The solid supports are recombined. 
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Figure 8. Peptidyl phosphonates. 
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Figured. Solid-phase peptidyl phosphonate synthesis (SPPPS). 

Noniwlymeric, Sinall-Molecule Diversity . The ma- 
jority of diem|cal diversity generation discussed above 
concerns the preparation of linear molecules, in which the 
target structur^^re unambiguously specified by the order 
of building-block addition. In contrast, the great pre- 
ponderance of organic synthesis proceeds rather differ- 
ently, wherein building blocks interlock to give rise to 
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Figure 11. Novel polymeric backbones. 




Figure 12. Components of a benzodiazepine library. 

nonpolymeric, three-dimensional arrays. The recent 
seminal work of Ellman on the solid-phase synthesis of 
1,4-benzodiazepines lays the groundwork for creation of 
a small-molecule library of one of medidzud chemistry's 
most notable pharmacophore and represents one of i^e 
first examples of the application of combinatorial organic 
synthesis to nonpolymeric organic compounds.^ 

The benzodiazepines are synthesized on a solid support 
by the connection of three buflding blocks, each of di£ferent 
chemical families (Figure 12). Following the attachment 
of 2-aminobenzophenone hydroxy or carboxy derivatives 
to the support using an add-deavable linker, [(4-hy- 
drbxymethyl)phenoxyacetic acid] , the N-protectmg group 
is deblocked (piperidine/DMF), and the weakly nudeo- 
philic amine is acylated with an a-Fmoc-protect^ amino 
acid fluoride, using 4-me1iiyl-2,6-di-tert-butylpyridine as 
an acidscavenger (Figure 13). P^ocdeprotection, followed 
by Ixeatment witii 5% acetic acid in DMF, causes the 
general cycUzation to the intermediate lactam. Capital- 
izing on the ability of lithiated 5-(phenylmethyl)-2- 
oxazolidinone to selectively deprotonate the anilide NH, 
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Figure 13. Combinatorial synthesis of the benzodiazepine pharmacophore. 
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Figure 14 Synthesis of 2-amihobenzophenone derivatives on a solid support 



alkylation was achieved with a variety of alkylating agents. 
Aqueous add cleaves the new benzokiiazepine &om the 
support in very high overall yields. The integrity of the 
chiral center was confirmed by a racemization test using 
chiralHPLC. 

One of the limiting features of applying the above scheme 
to combinatorial library construction is that, though many 
alkylating agents and amino acid building blocks are 
commercially available, there is not a ready supply of 
appropriately functionalized 2-ajnin6benzophenones. Ell- 
man addressed this problem directly by creating a general 
method for preparation of these materials on solid 
supports^ (Figure 14). The stage is now set for the Ellman 
laboratory to Create a benzodiazepine library. 

^Several bthte approaches to nonpolymeric molecular 
diversity have reo^tly been published, ^pursuitofsmall- 
molecule libraries, Nikolaiev et al. have used their amino 
add encoding format (part 1^) with a building block basis 
set combining both amino adds and other synthetic imits 



to prepare .collections of nonpeptidic compoimds and 
peptides, refractory to Ekiman degradation (N-blocked 
•peptides).^ Representative examples of molecules which 
have emerged firom such.non-peptide libraries are shown 
in Figure 15. 

A feature of several.of the formats used in the display 
of synthetic diversity is that the potential ligands are 
tethered to a solid support While screening strategies 
have been developed to exploit this feature, it is firequentiy 
desirable to screen compoimds in solution. Many groups 
have engaged in developing releasable linker strategies to 
solubilize potential ligands. The issue has been addressed 
by a considerably different strategy by Hobbs DeWitt ct 
a{., in which solid-phase chemistry, organic synthesis, and 
a designed parallel reaction apparatus were utflized for 
the generation of small-molecule libraries, the individuals 
ofwhich, were termed "diversomers*.^ Target compounds 
which induded dipeptides, hydantoins, and benzodi- 
azepines were synthesized simultaneously but separately, 
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Figure 15. Structure of representative molecules firom the 
Nikolaiev et al. nonpeptide library (ref 35). 




Figure 16. Synthesis of a hydantoin library. 

on a solid support in an array format, to generate a 
collection of up to 40 discrete structurally related com- 
pounds. The preparation of hydantoins was carried out 
as shown in Figure 16. The synlixetic strategy is directed 
through a resin-tethered penultimate product, in which 
the orchestrated revealing of distal functionality initiates 
attack on the resin-linking bond to eject the newly formed 
product into solution. Products which fail to react, should 
remain attached to the solid phase, and thus aid in product 
purification. The yields of hydantoins released tram the 
resins in t^e fin^l step ranged from 4 to 81% on a scale 
of 0.3-11 mgy which shoiild be suf^cient to support most 
preliminary in vitro' biological testing. The resiilting 
soluble, small molecules were characterized by traditional 
means. The authors also note the utility of ^ gel-phase 
NMR to monitor reaction progress of the resin-bound 
intermediates.^-^ 

In a similar manner, a general metiiod for multiple, 
simultaneous synthesis of soluble benzodiazepines was 
developed (Figure 17). Eight groups of five-amino acid 
resins were ' trans-imidated with five" groups of eight 
2-aminobenzophenohe imines to form 40 resin-bound 
Treatment with TFA liberated 40 discrete ben- 
zodiazepines &om the resins. The products were" obtained 
in 2-14-mg quantities, corresponding to 9-63 % yields witii 
^timated pmties >90%. Though the numbers of 
compounds involved m the diversomer metiiodology ( ^ 40) 
are significantiy smaller than that which can be prepared 
by other library strategies (10*-10^, this interesting 
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Figure 17. Preparation of a soluble benzodiazepine library. 

approach to parallel organic syntiiesis produces relatively 
pure materials on a preparative scale in the traditional, 
soluble format. 

Future Innovations 

As the field of combinatorial chemistry receives in- 
creasing attention fiom the pharmaceutical establishment, 
it seems likely that the contents of chemical libraries will 
continue to evolve to look more and more like the type of 
compounds which have previously led to drugs. In spite 
of the complexity which early parts of the process may 
p>ose to the combinatorial chemist, a hidden advantage 
which combinatorially-derived molecules offer is that any 
"hit" will be readily synthesizable, by definition. This 
should be contrasted with a natural product driven 
approach to drug discovery and development, where often 
the structural complexity of the lead compound hampers 
the rapid preparation of analog molecules and the 
acquisition of SAR. 

A previous point deserving further emphasis is that the 
vast universe of synthetic organic reactions are idiosyn- 
cratic transformations that fail to afford quantitative yields 
of unique products. Most S3aithetic chemistry procedures 
afford multiple products. (regio- and stereoisomers, etc.) 
in variable yields. If diversity-generating chemistry 
proceeds ambiguously, how then are the results of small- 
molecule combinatorial organic syntheses to be understood 
and appropriate information extracted &om library analy- 
sis? It may be speculated that encoding techniques will 
provide one method by which the combinatorial organic 
chemist can address the practical inefficiencies of chemical 
synthesis. Instead of envisioning an encoding tag as 
explidtiy specifying theBtructure of an associated entity, 
one might consider the tag as a record of the chemical 
history of individual library members. Thus, after 
encoding the "recipe" or synthetic protocol used, in the 
assembly of a combinatorial library, the library may be 
screened for active recipes. Once identified as "active", 
the synthesis woiild be replicated on a preparative scale, 
and the product mixture fractionated to identify active 
product(s). This strategy shifts emphasis from the 
criterion of singularity in a reaction outcome (a single 
predictable structure) to reproducibility and comp>atibility 
(orthogonality) with chemistry used in the synthesis of 
tiie encoding tag and in preparative scaling. The creation 
of encoded, small-molecule diversity, which can be released 
from a support (solubilized) while some type of link to the 
original tag is also maintained, is also likely to be an 
important area of investigation. 
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Figure 18. Scaffolds as tempktes for TOmbinatoiM chemistry. 



One type of noteworthy chemical strategy which may 
have a bright future in the wmbinatorial realm rests on 
the conceptual extension of the work of Hirschmanh, 
Nicolaou, and Smith and their co-workers into designing 
honpeptidal peptidomimetics by the appropriate fimc- 
tionalization of designed scaffoldings (Figure 18). A 
specific example of this approach is the design and 
synthesis of a ^-D-glucose-based nonpeptide mimetic of a 
potent cyclic hezapeptide somatostatin agonist^*^ 

Hirschmann and co-workers have also used a f unction- 
alized steroidal template to' serve as a backbone for 
idimicking a type 1 P tunL*^*^ fact that such a 
remarkable job (^molecular mimicry can be achieved with 
individual compounds bodes well for the application of 
this approach to combinatorial methods. 

NoUbraiy will ever be "complete* but uistead will sample 
a subsection of a particular universe of molecular structure 
and space. In certain situations, libraries may be con- 
sidered to be starting materials for the construction of 
new librari^ of diversity. It is also useful to consider 
chemical libraries as collectable or archivable entities. 
Ideally, one seeks to preserve new compound libraries and 
use them for a variety of present and future screening 
needs. As time passes, Ihe combinatorial chemist will be 
in possession of an accumulating collection of molecular 
diversity with which to challenge new drug targets. If 
chemical libraries are to become an item of commerce, a 
good deal more will have to be learned about their ''shelf 
life" and how best to store them for future use. To date, 
the shelf life of chemical libraries is an open question. 

B. Methods for Screening Combinatorial 
Libraries 

The importance of distinguishing between the two 
principal applications of combinatorial technologies in 
ligand discovery, ie.-, broad screening versus directed 
analoging, is. particularly relevant to the design of assay 
methodogies for library evaluation. In searching large, 
highly diverse libraries for novel lead compounds, a 
premium is placed on the ability to detect rare ligands 
that may have piodest affinity for the target receptor. The 
assay strategy ^ay differ in screening analog libraries, 
since one is trying to develop quantitative S AR on a large 
number of compounds and to increase the potency of a 
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lead. R^ardless of application, successful use of 
combinatorial libraries is highly dependent on the sen- 
sitivity andspecificity of the assays tiiatare used to identify 
and characterize ligands. 

In this section, the various combinatorial library meth- 
ods will be discussed in terms of the assays that are used. 
The assay formats are closely matched to the mode of 
presentation of the diversity. In broad terms, assay 
procedures can be grouped into thr^e categories: (i) those 
that rely on affinity purification with an immobilized target 
receptor, (ii) those in which a soluble receptor binds to 
tethered ligands,. and (iii) those in which soluble com- 
pounds are tested for activity, either directiy or in 
competition assajrs. . Each format plants different chal- 
lenge with regard to the minimiiTn affinity requirementk 
for ligand detection, the demonstration of binding sp>eci- 
ficity, and the ability to discriminate among compounds 
in the library on the basis of their affinities for the target. 

Isolation of Ligands by Affinity Purification 

Recpmlinant Peptide Libraries. The various ^tems 
described in the first part of this series^ for creating vast 
libraries of recombinant peptides (commonly referred to 
as peptide/nucleic acid complexes below) rely on affinity 
purification to select peptides that bind to a receptor. Two 
distinct methods have been employed to achieve affinity 
purification of peptide/nucleic add complexes. The first 
involves incubation of a receptor in solution with the 
mixture of complexes. After allowing sufficient time for 
binding, the receptor is captured using immobilized 
streptavidin or-an antireceptor antibody.^** The second 
approach calls for preimmobilization of the receptor on 
beads, microtiter wells, or a chromatography support, 
followed by capture of the complexes.^ In both cases, the 
we of a solid-support facilitates the separation and washing 
of receptor-boimd complexes. 

The method of receptor immobilization is a critical 
aspect of the successful use of recombinant peptide 
libraries. Because of the treihendous levels of ligand 
enrichment attainable through multiple roimds of selection 
and amplification, peptides that bind to any component 
ofthesolidsupportcanbeisolatedfromlibraries. Peptides 
binding to streptavidin,*^**^ antireceptor antibodies,** or 
peptides that exhibit inherent nonspecific binding are 
readily isolated. Often, screening strategies employing 
subtractive methods and/or blocking ligands, are necessary 
to enhance the selection of ligands with desired binding 
specifidty. 

To enhance the probability of isolating peptide ligands 
with biological function, it is important to ensure that the 
receptor is active (for example, capable of binding its 
natural ligand) when immobilized. Immobilization of 
receptor proteins on microtiter wells or beads can be 
accompli^ed by passive adherence, covalent attachment, 
biotinylation and immobilization on streptavidin, or 
capture with high-affinity nonblocking antibodies. The 
first three processes often result in inactive proteins. The 
problem of immobilizing active protein can often be 
overcome by introducing into the receptor an immobiliza- 
tion handle through genetic engineering techniques. 
Peptide epitopes for a monodonal antibody or a motif 
that allows for site-specific biotinylation of the protein^ 
can be fused to proteins for this purpose. Generic 
immobilization strategies of this type greatly facilitate the 
creation of. a high-density affinity matrix siiitable for 
isolation of ligands. 



1394 Journal of Medicinal Chemistry, 1994, Vol 37, No. 10 

Some drug-discovery targets may no . readfly available 
as pure soluble receptors. Peptide ligands specific for the 
integrin Ilb/IIIahave been successfully isolated from phage 
libraries by screening against platelets expressing a high 
density of tibis r^ptor.^ It remains to be seen whether 
whole cells bearing receptors or other forms of impure 
macromolecular target will generally be successfully 
utilized to identify ligands. It can be anticipated that the 
problem of isolating non-receptor-binding sequences will 
be enhanced when dealing with impure forms of receptors. 

The choice of using preimmobilized receptor rather than 
incubation with receptor in solution followed by receptor 
capture on a solid support may become important in one 
aspect of library screening. Because the phage and LacI/ 
DN A complex systems are capable of displaying multiple 
copies of a peptide, multivalent binding can occur during 
affinity purification if receptors are immobilized at 
sufficient density. Multivalent binding effectively in- 
creases tiie avidity of tiie bound complexes and allows the 
isolation of complexes bearing peptides of lower affinity. 
Although it is possible that multivalent interactions may 
occur during the capture step of the two-step procedure, 
the stoichiometry of the phage or LacI complex, receptor, 
and the capture reagent need to be carefully controlled. 
Multivalent binding conditions may be more easDy 
engineered with a high-density preimmobilized receptor. 

The multivalency of the phage and LacI systems can be 
exploited to isolatepeptides of modest affinities (K^ values 
of 1-1000 mM). This feature is particularly important in 
screening random libraries of peptides greater than six or 
seven amino adds in lengtii. Libraries that can be routinely 
noade have many fewer members (10^10^**) than the 
theoretical number ..of .possible- sequences for a given 
peptide length (for example, there are 1 X 10^3 possible 
10-mers). In general, peptide ligands for a receptor target 
consist of families of related sequences with few high 
affinity ligands in the family. Therefore, when a library 
is created, it is likely that only lower affinity members of 
the family will be represented. The ability to identify 
these low-affinity ligands then permits one to proceed to 
the secondary phase of discovery, the screening of mu- 
tagenesis libraries. 

Methods for creating many variants of an initial 
sequence have been described in part 1. Such libraries 
will generally contain many low-affinity ligands and 
perhaps some high-affinity ligands in much lower abun- 
dance. A demand is therefore placed on the ability to 
selectively isolate the highest affinity ligands. Several 
methods have been described for efficient affinity selection. 
An are based on the prevention or disruption of multivalent 
interactions. The use of a low density of immobilized 
receptor to isolate high-affinity peptide ligands from a 
phage Ubrary containing many low-affinity ligands has 
been demonstrated.** Low receptor density reduces the 
possibility of multivalent interactions between phage 
particles and the receptor matrix. The "monovalent- 
phage" approach*^*^^ has been successfully employed to 
isolate high-affinity mutants of human growth hormone 
displayed on phage. In this approach, phage particles with 
only a single chimeric pEH protein are created, thereby 
eliminating multivalent binding to inunobilized receptor. 
Using this approach, mutants with values of less than 
5 pM have beefi identified. 

An alternative method of affinity selection that may 
have advantages over other approach^ has been devel- 
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oped.*^ Phage (or I particles) are allowed to bind in 
a multivalent fashion to a high density of immobilized 
receptor. For phage-bearing low-affinity ligands, the 
peptide on an individual pIII protein may be rapidly 
dissociating and reassociating, but the phage particle will 
not dissociate imless all tJi6 peptides on pIU are simul- 
taneously in the unboimd state. Dissociation of thephage 
can be initiated by addition of a competing ligand, which 
prevents rebinding of any individual peptide in the 
complex. Using a model system with peptides of known 
affinity, it was demonstrated that phage-bearing high- 
affinity peptides are retained for a greater length of time 
t>ion phage with Ipwer affinity sequences."*® The concen- 
tration (and affinity) of the competing ligand, as well as 
the time and temperature of elution, can be varied to select 
for ligands of various affinities. This method has the 
advantage of using a high receptor density to ensure a full 
sampling of ligands of all affinity classes. 

Achieving affinity selection is only part of the process 
of successfully screening recombinant peptide libraries. 
After selection, it is necessary to establish the binding 
specificity and, if possible^ the affinity of individual 
peptides that result from the selection. Various assays 
have been described, including dot blots,^ colony lifts,^ 
and ELISA*s with immobilized phage or immobilized 
receptor,^ These methods differ in the minimum ligand 
affinity that is required for detection. In general, assays 
in which phage or LacI are immobilized (ELISA*s, dot 
blots, colony lifts) require higher affinity (Kd values < 1 
filA) peptides for detecting specific binding, and. are 
therefore useful when such ligands are present in the 
sel^rtedpooL However, for reasons cited above, detection 
of the specific binding of lower affinity ligands is often 
necessary. In such cases, assays that use a high density 
of immobilized receptor are required to allow for multi- 
valent binding and to increase the sensitivity of detection. 
If high-density receptor matrices are used for affinity 
purification and assay of individual clones, peptides with 
Kd values as high as 100-500 iiM can be isolated with 
phage and LacI systems.^ 

An additional assay format has been described for 
estimating the affinity of peptides displayed by individu- 
ally selected phage clones.^ Radiolabeled receptor is first 
allowed to bind to the phage-bome peptides in solution. 
A high concentration of competing peptide is then added 
to prevent further binding, and the dissociation of ra- 
diolabeled receptor is followed with time. With a mono- 
clonal antibody model system, a good correlation was 
observed between dissociation rates and the affinity of 
the peptide determined by solution methods. It has also 
been suggested that colony Ufts with limited receptor 
concentration may allow discrimination of individual 
phage clones on tiie basis of their peptide's affinity.^ 
However, this method may be confounded by differential 
levels of expression of phkge by different colonies. 

In summary, the successful identification of ligands fiom 
recombinant random peptide libraries depends not only 
on the nature and size of the libraries but also on effective 
screening strategies. Selection methods and assays of 
individual clones vary in their ability to select and detect 
lower affixuty peptides and in the ease with which binding 
specificity can determined. High-affinity ligands are 
most desirable, and initial conditions for screening of 
random libraries can be adjusted so that only high-affinity 
ligands are selected. However, for reasons stated above. 
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engineering selection and assay condi s to allow isola- 
tion and detection of lower affinity ligands may be generally 
a more reliable strategy. These initial peptides can serve 
as starting points for creating secondary recombinant 
peptide libraries or as leads for refinement by synthetic 
chemical combinatorial methods. 

Affinity Purification of Mixtures of Soluble Syn- 
thetic Compounds. Investigators have employed affmity 
purification methods to isolate ligands from mixtures of 
soluble peptides^^' and oligonucleotides (RNA or 
DNA).^^ In the case of nucleic acid libraries, one takes 
advantage of the ability to enzymatically amplify the 
molecules resulting from affinity purification, and as with 
the recombinant peptide systems, multiple rounds of 
selection and amplification are used. Theoretical con- 
siderations in optimizing conditions for the selection of 
high-affinity oligonucleotides have been described.®^ The 
authors illustrate (by way of computer simulation) the 
importance of nucleic acid and receptor concentrations as 
well as the efficiency of separating specifically boimd 
molecules. Computer simulations show that, imder ideal 
conditions, rare high-affinity molecules can be isolated 
from large libraries with relatively few rounds of selection 
and amplification. There have been a nxmiber of examples 
of successful identification of high-afBnity oligonucleotides 
using this process.^^ 

Relatively little work has focused on the affinity 
purification of ligands from soluble peptide libraries. The 
isolation of ligands for an anti-gpl20 antibody from 
equimolar mixtures containing 19 or 32 peptides has been 
reported.^'^'' More recently, the same antibody was used 
to capture ligands from four mixtures, each of 50 peptides, 
comprised of xmnatural amino acids fused to an encoding 
L-amino acid peptide strand.26 After affinity purification, 
the resulting pool of peptides selected was resolved by 
HPLC and each peak subjected to Edman sequencing and 
mass spectrometry analj^is. A major limitation of this 
approach is the sensitivity of these analytical methods. 
Sufficient peptide (>1-10 pmol) must be recovered in order 
to determine its sequence, requiring that each library 
member be present in relatively high amounts in the 
starting pool and that there be sufficient receptor available 
to isolate the requisite quantity of each of the high-affinity 
ligands. In addition, the method requires that selected 
peptide ligands be resolved chromatographically. While 
it seems unlikely that this methodology will be extended 
beyond libraries of modest size (less than a few thousand 
members), it may prove a useful technique for evaluating 
secondary (analog) libraries. The proposed approach of 
creating a library of soluble compoxmds with attached 
oligonucleotides tags may allow for the structural iden- 
tification of minute quantities of compounds isolated by 
affinity piuification.^'^ 

In theory, chromatography of compoxmd mixtures using 
receptor columns should not only facilitate separation of 
nonbinding members of the library, but should also allow 
for the resolution of compounds on the basis of their 
receptor affinities. Work with various model systems has 
demonstrated that column retention time can be used as 
an index of affinity .^'^ While columns of receptor target 
have been used in batch affinity purification methods, 
chromatography to resolve ligands of differing affinities 
has yet to be applied to screening combinatorial libraries. 
This method may be better suited to isolation of ligands 
of moderate affinity.^ An additional limiting factor in 



the use of chromatog. .y may be the large amoimt of 
receptor required to generate enoiigh theoretical plates to 
effectively resolve compounds. 

Binding of Receptors to Immobilized Ligands 

Various methods for creatii^ libraries of compoxmds 
attached to solid supports (pins, beads, chips, etc.) have 
been outlined in part 1.^ Such libraries are screened by 
detecting the direct binding of a labeled receptor to an 
immobilized ligand. The identify of the ligand is either 
determined directly (by peptide sequencing or mass 
spectrometry) . specified by its spatial location in an array, 
or deduced by reading an encoding tag. 

There are a nmnber of important issues related to solid- 
phase binding assa}^ with immobilized ligands. First, the 
ability of a receptor to interact with a tethered ligand may 
be influenced by the site or nature of its covalent 
attachment to the solid support. In all of the methods 
published to date, peptide ligands are attached to a linker 
and support via the carboxy terminus of the sequence. An 
obvious example of the limitation imposed by this mode 
of immobilization would be in screening against the 
G-protein-linked receptors of various peptide hormones, 
many of which require a free Oterminal carboxamide for 
activity. In such a case, it is likely that many peptide 
analogs that would bind when free in solution would be 
missed in an assay where the same peptides were im- 
mobilized via their C-termini. To circumvent this problem, 
it is advantageous to have several alternative sites of ligand 
attachment to the surface. Methods for tethering peptides 
through their N-termini have been identified.®® It is likely 
that the issue of how best to tether molecules to svirf aces 
will become even more important when dealing with 
libraries of small nonpolymeric organic compoimds. 

The chemical nature of the linkage between the ligand 
and support may also affect the receptor-ligand interaction. 
One needs only to look at the variety of resins that are 
available for affinity chromatography to appreciate the 
importance of controlling the receptor-ligand interface. 
The types of linker groups that have been successfully 
employed in tethered library assays to date have been 
noted in part 1 of the series. Whether these linkers will 
generally provide for optimal presentation of compounds 
to other receptor systems remains to be seen. 

Immobilized ligand assays require that the receptor be 
labeled in a way that allows for highly sensitive detection 
of receptor binding. The receptor can either be labeled 
direcfly or a secondary labeled reagent with high affinity 
for the receptor can be used. To date, colorimetric 
enzymes, radioisotopes, and fluorophores have been used 
in labeling receptors or secondary reagents. The reagents 
must be labeled in a way that maintains the activity of the 
receptor, for instance, its ability to bind a natural ligand. 
This can be greatiy facilitated by creating chimeric 
recombinant receptors that incorporate peptide epitopes 
of antibodies or peptide sequences for site-specific ra- 
dioactive phosphorylation® or site-specific biotinylation.^ 
Successful screening of libraries of immobilized synthetic 
ligands is dependent on the same tj^es of issues as have 
been previously discussed with respect to evaluating 
recombinant peptide libraries: Le., the affinity threshold 
for detection, the ability to discriminate ligands on the 
basis of their affinities, and the ability to distinguish 
specific binding from nonspecific binding. Methods 
development in this area is in its infancy. In principle, it 
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should be possible to exploit multivaleD w binding to detect 
lower affinity ligands. Multivalent receptors can be 
created by a number of methods, including genetic fusions 
to generate bivalent receptor/Fc fusions'^** or through the 
use of monoclonal antibodies or streptavidin to create 
cross-linked receptors capable of interaction with more 
than one immobilized ligand. Optimization of the density 
of immobilized ligands may be required in order to allow 
for multivalent binding. As has already been noted, it 
may be important to be able to isolate relatively low-affinity 
ligands in the mitial screening of random Kbraries. These 
compounds can then serve as the basis for further library 
construction in which the goal is to improve ligand afSnity. 

Affinity discrimination during the screening of either 
prunary random libraries or secondary (analog) libraries 
is of obvious importance. There has been Uttle published 
work on methodology in this area. In principle, low 
receptor concentrations, competing ligand-mediated dis- 
sociation, and/or stringent washing conditions can be 
utilized to identify the highest affinity ligands. Two issues 
complicate the use of such methods. The first is the 
likelihood that each pin, bead, or surface synthesis site 
does not contain the same amoimt of compound. With 
different compound loadings, one must be extremely 
cautious of using the absolute quantity of bound receptor 
as an index of a molecule's affinity. As new building- 
block and coupling chemistries are adapted to combina- 
torial formats, this may become a more significant problem 
than it is for high-yielding peptide chemistry. Another 
complicating feature of the immobilized ligand assay 
format is the fact that ligands of one particular kind are 
densely clxistered on a surface. Both the association and 
dissociation rate constants of a receptor/ligand interaction 
are affected by surface ligand density. The binding of 
nearby ligands depletes the local receptor concentration 
and the assodation kinetics become diffiasion limited. After 
dissociation, receptor rebinding is favored because of the 
high local-ligand concentration and the apparent dis- 
sociation rate is reduced. Theoretical and experimental 
analyses of these surface binding effects have been 
undertaken.^^ The impact that these surface binding 
kinetics will have on the ability to discriminate among 
library members on pins, beads, or glass surfaces remains 
to be seen. 

The infonnation generated by screening immobilized 
ligand libraries differs among the various library formats. 
In the case of bead-based technologies, compounds 
exceeding a threshold affinity are sampled from a large 
pool of ligands. Positive information is obtained, i.e., that 
a particular ligand binds to the receptor. One cannot, 
however, draw conclusions about the binding affinity of 
nonselected ligands. The sampling size may not have been 
large enough to include all high-affinity ligands, or a high- 
affinity bead may have been missed by the affinity selection 
method [for example, fluorescence-activated cell sorter 
(FACS) selection]. By contrast, the multipin and VLSIPS 
technologies allow one to perform a parallel assay in which 
data is obtained on every compound that is synthesized. 
In principle, both positive and negative binding informa- 
tion can be exploited in the design of second-generation 
compounds. 

Incorporation ^f methods that assess the specificity of 
binding of ligands is an important aspect of screening 
random libraries. Screening immobilized ligands by direct 
receptor binding can lead not only to the identification of 



ligands of interest (for *. ,ance, ligands that compete with 
the natural ligand) but also to ligands that bind to 
undesired portions of the receptor or to secondary detec- 
tion reagents. In the case of libraries of compoimds on 
beads, it may be iK>ssible to remove undesired ligands in 
a subtaraction step prior to screeiiing for desired ligands. 
For compounds on pins or chips, it may be possible to 
make replicate arrays and test for total binding and 
nonspecific binding in parallel Otherwise, sequential 
assays that first test for receptor binding of any kind, 
followed by an assessment of nonspecific binding will be 
required in order to correctiy identify compounds that 
interact with the receptor in a desired manner. 

Testing the Activity of Libraries of Soluble 
Compounds 

The classical method of screening for a desired biological 
activity is to test soluble compounds one at a time in a 
competition binding assay* enzyme inhibition assay, or in 
a cell-based bioassay. Such approaches have been applied 
to library screening by releasing compounds synthesized 
on pins into microtiter wells, as described in section C of 
part 1 of this series.^ A novel application of bead 
technology has recentiy been disclosed where compounds 
on individual beads are released locally onto a lawn of 
confluent mammalian cells and cause activation of cells 
in the area surrounding the bead.''^ The bead responsible 
for cell activation is isolated and a small amount of 
nondeaved peptide is sequenced to determine its structure. 
In both of these cases, the principal issue is whether enough 
compound is released to be detected by the assay. For 
pins, approximately 100 nmol of peptide can be released 
into a few himdred microhters of solution, while beads 
with diameters of ^ 100 /on can release on the order of 100 
pmol of peptide. 

Rather than assa3dng compounds individually, a second 
approach to screening soluble libraries is to assay com- 
pound mixtures. In addition to testing complex pools of 
soluble peptides (vide supra), libraries of oligonucleotides 
have been successfully screened as soluble mixtures.^ The 
most frequently used strategy for screening mixtures of 
soluble compounds with tiie goal of ultimately identifying 
single active molecules is based on the '"mimotope" 
approach, detailed in part 1. The essence of this strategy 
is that degenerate pools of peptides (or other compounds) 
are resolved into their most active constituents by an 
iterative process of testing and resynthesis until a single 
sequence is identified as having h^h activity. A variation 
of the methodology (termed "bogus-coin strategy") has 
also been described.''* 

There are a number of caveats to using this methodology 
for testing soluble compound mixtures. In practice, the 
results of each set of assays do not typically indicate a 
preference for a unique residue at any position within the 
sequence. Rather, comparable assay results may be 
obtained for several different amino acid substitutions 
and some decision must be made as to which of these 
partial solutions should be fuDy resolved. The number of 
peptide mixtures to be synthesized and tested in this 
protocol expands dramatically as the number of alternative 
sequences selected for complete resolution at each cycle 
is increased. Moreover, the deconvolution of different 
partial solutions may frequentiy produce divergent re- 
solved sequences, in part because the contribution of each 
amino acid to the peptide-receptor interaction k typically 
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dependent on other non-neighboring i iues within the 
ligand. Theproblemofidentifyingthemostpotentligand 
in a complex mixture by this type of iterative pathway is 
exacerbated by the relative abundance of lower affinity 
ligands that represent local binding optima. 

Originally designed for identifying antibody ligands, the 
mimotope strate^r has primarUy been used for libraries 
of six to eight building blocks in length. It is not clear that 
ligands of this size will be optimal for other types of 
receptors (although success with opioid receptors*^^ and 
other targets have been reported). As the length of the 
compounds in the library increases, resynthesis and testing 
of pools becomes more cumbersome. 

Perhaps the greatest limitation of this methodology is 
the fact that the activity of a given pool is based on the 
cumulative activity of all the compounds in the pool; Le., 
pools with the same activity may contain many low-affinity 
compounds or a few high-afBnity compounds. For this 
reason, the methodology is greatly facilitated if the minimal 
fragment having activity is comprised of the same number 
of building blocks as used in constructing each library 
member (e.g., a uniquely active tetramer is more easily 
resolved from a tetrapeptide library than a hexamer 
library). Alternatively, the identification of active peptide- 
(s) is facilitated if the receptor has specific requirements 
for a fixed position within a peptide ligand (e.g., the N or 
C termini). If neither of these conditions is true, it may 
be necessary to test many or all of the possible initial pools 
with two adjacent or nonadjacent fixed residues. This 
drastically increases the number of initial pools that need 
to be synthesized but increases the probability that a 
critical residue(s) is fixed in at least one pool to allow that 
pool to differentiate itself. It must be kept in mind that 
any pool identified as having the greatest activity may be 
composed of many moderately active compounds and that 
the most active compound(s) may reside in other pools. 

Testing of mixtures of soluble compounds is also limited 
by the concentration of individual test compounds that 
can be achieved in the initial pools. Pools containing as 
many as 160 000 different peptides have been tested with 
each member being present at ~ 10 nanomolar concentra- 
tion.''^ Because oflimitations on the solubility of the total 
pool, the concentrations of individual compounds present 
in increasingly larger libraries must be correspondingly 
diminished. This will ultimately limit the ability to 
identify the activity of compoimds with modest potencies. 

While the current methods for testing mixtures of soluble 
compounds have certain drawbacks, screening soluble 
libraries does have the decided advantage of avoiding the 
problems associated with assaying tethered molecules in 
other combinatorial technologies. Conventional binding 
and enzyme and cell-based assays (including those with 
poorly defined biochemical targets) can be used to test 
the activity of soluble compounds. It is likely that in the 
future, encoding strategies will be employed to allow more 
facile screening of soluble molecules. In the simplest 
format, single encoded beads can be dispensed into 
microtiter wells. The compounds can then be released 
from the beads and tested for activity, with the identity 
of the most active compound(s) being deduced by decoding 
the tag attached to the bead(s). To test large libraries of 
soluble compoiinds, mixed pools of encoded beads can be 
created. At each roxmd of testing, only a fraction of the 
compound is cleaved from each bead- Active pools of beads 
are pursued by further subdividing the beads, partially 
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Figure 19. 

releasing the compoimds, and testing for activity. In the 
end, a single bead is identified with the greatest activity 
and the encoding tag is then read.*" 

C. Integration of Combinatorial Technologies for 
Drug Discovery and Future Directions of the 
Field 

Regardless of whether the objective is a broad discovery 
search or analoging a known lead, a key aspect in the 
successful application of combinatorial technologies to 
drug discovery is the requirement for having a closely 
linked, coordinated process for the integration of synthesis 
and screening. The creation and evaluation of molecular 
diversity are two sides ofthe same coin. It is still premature 
to speculate on which type of format will prove most 
stutable for a particular type of discovery/ development 
problem. Over time, a cataloging of successes and failures 
will clari^ this issue. In all likelihood^ command of a 
collection of combinatorial tools willbe required for general 
success. One may imagine a "spectrum of molecular 
diversity" stretching from few to many molecules (see 
Figure 19). Serial synthesis (contemporary medicinal 
chemistry) operates on a few molecules (far right of chart). 
We expect that each individual combinatorial tool/format 
will turn out to be most valuable within proscribed regions 
of numbers of molecules. Hence, recombinant peptide 
diversity is particularly suitable for generating and 
screening large libraries of > 10^ compounds. TheVLSEPS 
chip technology, although capable of displaying vast arrays, 
is primarily an analoging tool and is most useful for 
evaluating 10^-10* compounds. The parallel organic 
synthesis methods of Hobbs DeWitt et al?^ are applicable 
for tens of compounds. Encoded sjnithetic libraries appear 
to be relevant in broad diversity searching and may also 
prove useful in narrower optimization strategies. Given 
the repetitive nature of many of the manipulations required 
for library construction, an on-going priority will be to 
address the possibility of automating as many aspects of 
the generation/ evaluation process as possible. Growth in 
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library size also impacts directly on the physical size of 
compound collections and on the amounts of target 
receptor required for screening. These pressures will 
continue to drive the field toward minaturization and 
exploitation of nanotechnologies. 

The power of combinatorial technologies in generating 
huge numbers of compounds suggests that in a lead- 
discovery mode, less preconceived bias need be brought 
to the process of making molecules. Another way of 
expressing this is as follows: letthenumbersdothe talking. 
Due to the time and effort required in serial approaches, 
each target molecule is selected with great care. Because 
of the relative ease in creating libraries, little risk is 
incurred, or effort expended, in allowing a wide variety of 
building blocks to participate in diversity generation. Since 
there is less up-front investment in any individual com- 
binatorially created molecule, the combinatorial chemist 
can afford to take more risks. We can think in terms of 
a portfolio of libraries which might be routinely applied 
to the initiation of a drug-discovery search. This is not 
dissimilar to selecting a preliminary screening sample of 
diversity from a large database of individual molecules. 

A related, but still immature, issue in combinatorial 
approaches to drug discovery revolves around the idea of 
"quantitation of diversity". An understanding of the 
concept of "measuring" molecular diversity could impact 
on designing libraries to contain maximal structural 
diversity. This notion has arisen previously in deciding 
which few representative, highly diverse compounds to 
select out of large database collections, when setting up 
groups of preliminary screening samples. The huge 
numbers involved in combinatorial approaches intensifies 
this issue. A number of interesting approaches to the 
diversity quantitation problem can be expected to emerge. 

One working drug-discovery paradigm might be based 
on initially employing a portfolio of biological diversity 
(peptide libraries) together with standard chemical librar- 
ies (varioxis-sized cyclic peptides, cysteinyl-linked <^clics, 
etc.), peptides with carboxyl or carboxamide display, 
synthetic polymeric diversity, as well as large libraries of 
semirigid and acyclic small molecules prepared by COS. 
Over tune, favored libraries and directions woidd be 
expected to emerge. As the sophistication of combinatorial 
organic synthesis grows, the origins of a molecular structure 
as either "combinatorially or serially derived" will gradually 
become transparent. 

Another area where considerable effort must be appUed 
is in the registry of libraries and individual library 
members. It is imclear that library compounds should be 
registered and documented for testing in the same ways 
as serially produced compounds historically have been, 
but exactiy what changes are necessary remain to be 
determined. Vast numbers of compounds have been and 
are being created; keeping track of these and their 
corresponding biological activities will reqiure iimovative 
database-management techniques. Additionally, nomen- 
clature needs to be developed by which one can simply 
express the constitution, scope, and nature of chemical 
libraries. Legal issues, including the patenting and 
documentating of libraifies and their component members, 
will need to be pioneered. 

As repeatedly emphasized, it is obvious but imperative 
to have efficient means of evaluating the molecular 
diversity which is generated. Different assay techniques 
will be format specific. Assays mxist clearly discriminate 
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specific from nonspe* — c binding. Since in a broad 
screening mode, one is almost alwaj^ sampling a small 
percentage of the entire imiverse of diversity (10^® peptides 
are only 0.1% of the imiverse of 10-mers), it is crucial that 
appropriate assay techniques be competent to detect 
mod^t affinity ligands. The identification of weak binders 
in any of the aforementioned approaches is very important 
and should lead directly to preparation of secondary 
libraries in which original "hits" will become the center- 
piece for more focused diversity creation. This is a 
consequential issue, since application of combinatorial 
technologies are best viewed as an iterative process and 
not a singular event. As the emphasis shifts to analog 
evaluation, assays must be capable of affinity discrimina- 
tion between closely related library members. The tools 
of molecular biology have permitted the molecular engi- 
neering of targets to serve tiie purposes of screening. The 
rapid introduction of targets into a screening mode will 
require generic techniques for their handling, and ma- 
nipulation of molecular targets by genetic engineering will 
continue to play a crucial role in marrying library 
evaluation and synthesis. Though combinatorial tech- 
riologies may soon prove their worth in the drug-discovery 
process by delivering new leads quickly and cheaply, in 
order to completely fulfill the promise of "making drugs", 
an important question will be whether some of the common 
major obstacles to drug development (e.g., cell penetration, 
bioavailabiUty, pharmacokinetics, metabolism) can be 
productively addressed through the application of com- 
binatorial approaches (i.e., combinatorial drug develop- 
merit). 

In the coming years, cloning and sequencing of the 
human genome promises that an unprecedented abun- 
dance of newly discovered proteins will become available 
as potential drug targets. Gaining even more prominence 
than it now assumes will be the issue of discriminating 
among a myriad of receptors and enzymes to identify valid 
targets for drug discovery. The ability to access potent 
and specific Ugands for these targets will guide this process 
by untangling the physiological relevance of endogenous 
biochemical pathways. Combinatorial methods will be 
called upon to provide such molecules to quickly and 
cheaply drive target validatioiu In this manner, the 
identification of leads will benefit from a significant, but 
hidden, benefit which emerges from combinatorial screen- 
ing; hits derived from chemical libraries should be readily 
amenable to combinatorial analoging. 

Certain drug targets may present more or less of a 
historical precedent with respect to the likelihood of 
successfully identifying a tight binding ligand throxigh the 
use of known pharmacophores- For example, the search 
for specific enzyitie inhibitors may be facilitated by the 
intentional enrichment in the combinatorial synthetic 
process of building blocks containing known inhibitory 
pharmacophores. Particularly important or common types 
of drug targets may justify having on hand special libraries 
which are somewhat specific (Le., a peptidyl hydroxy- 
ethylamine library for aspartyl- and metalloprotease 
inhibition''*-^. On the other hand, in areas where there 
is less current information (e,g., antagonism of protein- 
protein or carbohydrate-protein interactions), a wider 
scope of diversity search should be taken xmtil consistent 
patterns begin to emerge. In the case of newer, less 
explored target groups, combinatorial technologies can 
be expected to assist in imearthing new pharmacophore 
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classes and to help establish an und mding of drug 
design for new types of targets. 

Combinatorial technologies diverge sharply from his- 
torical precedent through a change in emphasis from the 
consideration of individual molecules to thinking in terms 
ofpopulations of molecules, A common, but false, intuitive 
believe is that combinatorial chemistry is necessarily a 
random, screening search; the antithesis of rational drug 
design. In fact, all libraries are biased in some ways. All 
drug company compound files are biased by the historical 
programs of tiiat institution, since a disproportionate share 
of compounds of particular types will have been deposited. 
The notion of intentionally biasing a chemical library is 
a form of drug des igh, but again not applied to individuals 
but rather to groups or populations of molecules. If a 
scientisthypothesiz^ on the basis of structural information 
that the current lead molecule contains a type n /?-turn 
motif, then rather than performing two or three serial 
tests of this idea, the combinatorial chemist might create 
a library of narrow diversity utilizing a basis set of /3-tum 
mimetics and thus interrogate many slightiy different 
regions ofconformational space simultaneously. The drug 
design of populations versus individuals is analogous to 
fishing with a net rather than just a hook. As more 
knowledge of workable strategies for combinatorial syn- 
thesis are understood, it is expected that structural and 
computational input and other rational design information 
will be integrated into a broad combinatorial medicinal 
chemistry approach. 

Gaining a full appreciation of the issues and difficulties 
which must be surmounted in order to perform useful 
combinatorial organic synthesis will initially be a relatively 
slow process, especially because the important strategies 
and decision points differ so markedly from traditional 
organic synthesis, Retrocombinatorial analysis of existing 
pharmacophores and other important structures should 
assist in decision making; both in choosing routes of 
forward synthesis and in synthetic target selection. If 
combinatorial techniques are indeed to become a useful 
shortcut to new leads and optimized compounds, then 
one key unplied goal of combinatorial organic synthesis 
is to intersect the pathway of modem medicinal chemistry 
upon which compounds move from tiie early discovery 
stages to clinical candidacy. Rich incentives await those 
who are able to mass produce important biologically active 
molecules quickly and cheaply. Not surprisingly, an 
aggressive, worldwide effort to understand and master this 
field has already begun. 

This Perspective has been restricted to a consideration 
of the impact of combinatorial technologies on medicmal 
chemistry/drug discovery and development. From the 
point of view of apphcability of the technologies, this is 
an artificially narrow view. Combinatorial processes will 
become important in diagnostic medicine,^^ agriciiltural 
chemistry, food chemistry, immunology, molecular biology, 
polymer studies, inorganic synthesis, and many other 
fields. Though the field of "combinatorial chemistry" is 
chronologically a new enterprise, the evolution of thought 
in this fertile area continues to outrace the experimental 
reduction to practice of many ideas. One may reasonably 
ask "why are^mbinatorial technologies happenii^ now?". 
The answer is probably complex and beyond the scope of 
this Perspective, Nevertheless, the explosive recent 
interest m the application of combinatorial technologies 
to drug discovery is symptomatic of an idea whose time 
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has come. Because the' ^ which confiront the medicinal 
chemist differ so radica^ ^ aom historical approaches, the 
combinatorial field will no doubt continue to provide 
impetus and stimulation for the formxilation of new 
concepts and ideas. 
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[Ag(CH2a2)2]i[Pci{OTeF5)4) (2.775 (2)-2.882 U) A).'" 

The most significant feature of the structure is the absence of 
Ag-O bonds, which arc present in [Ag(CH2Cl2)2)2[Pd(OTcF5)4],'** 
AgB(0TeFj)4."**and [Ag{CO))[B(OTeF5)4l.""* Instead, each 
[Ag(CH2Cl2)3)* cation is only extremely weakly coordinated to 
the Ti(0TeFs)6^' anion by two Ag-F contacu of 3.029 (8) and 
3.033 (6) A. For comparison, the Ag-F distances in AgSbF^^** 
and AgF^' are 2.62 and 2.467 (3) A, respectively, and the sum 
of the van der Waals radii for silver and fluorine is 3.1 5 ± 0.08 
A.^^ The relative strength of anion binding to Ag* is also evident 
in the number of dichloromethane molecules coordinated to 
Ag-'— three in [Ag(CH2Clj)3]2[Ti(OTeFj)6] but only two in 
[Ag{CH2Cl2)2)2[Pd(OTeF5)4). 

In contrast with the BCOTeFj)/ anion,* NbCOTeFs)^' does 
not undergo rapid exchange with labeled OTeFf in the presence 
of electrophilic cations such as H* and Ag*. For example, when 
[TBA][Nb(»WeF5)6] and H'WcF, were mixed in dichloro- 
methane at 22 **C, IR speara showed that isotope scrambling was 
only 22% complete after 47 h. The presence of a larger cation 
had an even more dramatic effect: when AgNbC^OTeFi)^ and 
Ag' WeFs were mixed in dichloromethane at 22 **C, no exchange 
was observed after 72 h. On the basis of the structure of [Ag- 
(CH2Cl2)3]2lTi(OTcF3)6), we propose that electrophiles larger 
than H* cannot form bridge bonds to the oxygen atoms of Nb- 
(OTcF5)6". Without such bridge bonds, abstraction of OTeFs" 
by even the strongest electrophiles will not occur rapidly. Thus, 
stcric hindrance causes a kinetic stabilization of Nb(0TeF3)j" (and 
presumably of other structurally related anions as well) in the 
presence of electrophilic cations. 

Our new silver salts are freely soluble in weakly coordinating, 
low dielectric solvents such as chlorinated hydrocarbons and 
chlorofluorocarbons. For example, the solubility of Ag2pd(0- 
TeF5)4 in dichloromethane at 22 '^C (e « 9.1) is only 0.35 M,*° 
while the solubility of Ag2Ti(OTeFs)6 is many times higher (in 
fact, its solubility is sufficiently high that measuring it quanti- 
tatively has been problematic). An even more striking example 
of solubilizing ability is evident when comparing solubilities in 
CFC-113 at 22 *C (< ^ 2.4): AgOTeFs. insoluble; AgB(OTeF5)4, 
0.004 M; AgNb(OTeF5)6, 0.4 M. 

The anions Nb(OTcF5)6" and TKOTcFs)^^- have the potential 
of being less coordinating, more stable in the presence of elec- 
trophilic cations, and more solubilizing than any previously re- 
ported anions. Detailed comparisons with anions such as B- 
(3.5-C^3(CF3)2)4" and CB,,H,2* wiB be reported in a full article. 
The use of NMOTeF,)^, Ti(OTeF5)6^, and other very large, 
highly fluorinated anions for the preparation, isolation, and 
complete characterization of *'coordinatively unsaturated" metal 
and metalloid cations remains an active endeavor in this laboratory. 
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Very powerful methods have recently been developed for the 
combinatorial synthesis of large libraries of peptides which are 
then screened against a specific receptor or enzyme in order to 
determine the optimal peptide sequence for high affmity to that 
receptor or enzyme.' Unfortunately, peptides have limited utility 
as bioavailable therapeutic agents because they generally cannot 
be taken orally and have rapid physiological clearing times. The 
combinatorial synthesis and screening of bioavailable organic 
compounds would be a powerful extension of this approach. In 
this communication we report a general method for the expedient 
solid-phase synthesis of 1,4-benzodiazepine derivatives,^ the oitical 
Hrst step in the combinatorial synthesis and screening of one of 
the most important classes of bioavailable therapeutic agents.^ 
Because benzodiazepines are not polymers like the peptides and 
oligonucleotides that have previotisly been synthesized on solid 
support,* this report also demonstrates an important extension of 
solid-phase synthetic methods from the synthesis of biopolymen 
to the synthesis of nonpolymeric organic compounds.^ 

The 1,4-benzodiazcpinc derivatives are constructed on solid 
support from three separate components: 2-aminobenzophenoncs, 
amino acids, and alkylating agents (Scheme I). The 2-amino- 
benzophenonc derivatives 1 are first attached to the polystyrene 
solid support through either a hydroxy or carboxylic acid func- 
tionality employing the acid-cleavable linker [4-(hydroxy- 
mcthyl)phenoxy]acetic acid.^ Synthesis of the benzodiazepine 
derivative on solid support then proceeds by removal of the FMOC 
protecting group from 1 by treatment with piperidine in DMF 
followed by coupling the resulting unprotected 2-aminobenzo- 
phenone to an a-A^-FMOC-amino acid (Scheme I). Amide bond 
formation does not occur when the standard activation methods 
employed in solid-phase peptide synthesis are used (for example, 
carbodiimides and hydroxybenzotriazole or pentafluorophenyl 
active esters); however, treatment of the 2-aminobenzophenone 
with a methylene chloride solution of the a-MFMOC-amino acid 
fluoride' in the presence of the acid scavenger 4-methyl-2,6-di- 
(err-butylpyridine results in complete coupling to provide amide 
3. The coupling conditions are suitable even for unreactive am- 
inobenzophenone derivatives since complete coupling is observed 
for a derivative of 2 which contains both the p-chloro and the 
m-carboxy deactivating substituents (see 61 and 6j in Table I). 
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Scheme V 



f4HFM0C 




*(a) See supplementary material; (b) 20% pipcridinc in DMF; (c) 
A^-FMOC-amino acid fluoride. 4-mcthyI-2.6-di-/err-buiylp>ridine: (d) 
5% acetic acid in DMF, 60 "C; (e) lithiated 5-(phenylmeihyI)'2-oxa- 
zolidinone in THF, -78 followed by alkylating agent and DMF; (0 
TFA/HjO/Me^S (95:5:10). 



Table I. 1.4- Benzodiazepine Derivatives 6 (Scheme 1) 



yield 

entry R* R» RC R" (%)• 



6a 


4'-0H 


5-CI 


CH, 


H 


95 


6b 


4'.0H 


5-CI 


CHj 


CH, 


iOO 


6c 


4'-0H 


5-0 


CH, 


CH5CH, 


9? 


6d 


4'.0H 


5-a 


CH, 


CH2CHCH2 


90 


6e 


4'-0H 


5-a 


CH(CH,h 


CHjCH, 


85 


6f 


4^0H 


5-Cl 


CH3CO2H 


CHiCH, 


95 


6S 


4'-0H 


5-0 


(CH2)4NHj 


CHjCH, 


95 


6b 


4'-0H 


5-a 


CHjPh(4-0H) 


CHjCH, 


98 


61 




4.C02H,5-a 


CHjPh 


CH, 


100 


6j 




4.C02H,5-a 


CH, 


CHjPh 


93 



'Yields are based on support-bound starting material 2. 



The FMOC protecting group in 3 is then removed by treatment 
with pipcridine in DMF. Exposure of the resulting free amine 
to 5% acetic add in DMF provides the cyclic product 4. Complete 
cyclization is observed in the synthesis of 1 ,4- benzodiazepine 
derivatives with various stcric and electronic properties (Table 
I), again demonstrating that genera] conditions have been iden- 
tified for the solid-phase synthesis of diverse benzodiazepine de* 
rivatives. 

Alkylation of the anilide of 4 then provides the fully derivatized 
l,4-benzodia2epine 5 (Scheme I). Ideally, an excess of the base 
would be employed to achieve complete deprotonation and al- 
kylation of the anilide, but employment of excess of commonly 
used bases such as LDA or NaH would result in deprotonation 
and subsequent alkylation of acidic functionality present elsewhere 
in the molecule. To maximize synthesis generality we therefore 
chose to employ lithiated 5-(phenylmethyl)-2-oxazolidinone* as 
the base since it is basic enough to completely deprotonate the 
anilide of 4, but not basic enough to deprotonate amide, carbaniate, 
or ester functionalities. Upon deprotonation of 4, the appropriate 
alkylating agent is added followed by addition of anhydrous DMF 
to accelerate the alkylation reaction. By employing these con- 
ditions 1,4-benzodiazepine derivatives containing esters and 
carbamates have been alkylated in high yields on solid support 
with no overalkylation observed (compounds 6f and 6g in Table 
I where side chains were protected as a ifrr-buty) ester and a 
rerl-butyl carbamate, respectively). Complete alkylation is ob- 
served for both activated alkylating agents such as methyl iodide 
and benzyl bromide and unactivated alkylating agents such as ethyl 
iodide. 

The benzodiazepine product 5 is cleaved from the support with 
concomitant removal of acid-labile protecting groups by exposure 
to 85:5:10 trifluoroacelic acid/ water/dimethyl sulfide. Employing 
this reaction sequence we have synthesized multiple structurally 
diverse benzodiazepine derivatives 6 in very high overall yields 
(Table I). In addition, racemization does not occur during the 



reaction sequence as determined by chiral HPLC analysts of the 
benzodiazepine derivatives 6a and 6c prepared from both (^)- 
and (50-A^-FMOC-alanine (Table I).' With the employment of 
this general and expedient solid-phase synthesis methodology, the 
construction and screening of a large combinatorial library of 
benzodiazepine derivatives are currently in progress and will be 
reported shortly. The solid- phase synthesis of other classes of 
therapeutically important organic compounds is also under in- 
vestigation and will be reported in due course. 

Supplementary Material AraiUble: Listings of experimental 
procedures for attaching the aminobenzopbenone derivatives to 
the solid support and for the solid- phase synthesis of the benzo- 
diazepine derivatives, including analytical data for all of the 
1,4-benzodiazepine derivatives and intermediates (8 pages). 
Ordering information is given on any current masthead page. 
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The Lewis acid mediated cleavage of chiral acetals has been 
the subject of numerous investigations over the past several years 
and is a useful tool for the asymmetric synthesis of carbon-carbon 
bonds.* With allylsilanes^ and allylstannanes^ as nucleophiles, 
this reaction can provide chiral ethers with diastereoselectivities 
ranging from 5:1 to >500:1 . The origin of this selectivity has been 
studied, mostly by studying the behavior of model acetals,^ but 
these studies are inconclusive because the behavior of the model 
compounds is known to vary with minor variations in the structure 
of the acetals.* We wish to report the results of a more direct 
approach to studying the reactivity of chiral acetals which utilizes 
the stereospecifically deuterated acetal 1* (Table I) to determine 
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ABSTRACT Solid-phase cbemisfry, organic synthesb, and 
an apparatus for multiple, sixnultaneoos synthesis have been 
combined to generate libraries of organic compounds ('^diyer- 
somm^'). Arrays of compounds were synthesized over two to 
three steps incorporating chemically diverse building blodcs on 
a polystyrene-based solid support In a multiple, simultaneous 
manner. The generality of this approach is illustrated by the 
syntheses of dipeptides, hydantoins, and benzodiazepines. 



Recent advances in robotics, miniaturization, and automa- 
tion have resulted in the development of rapid, high through- 
put biological screening assays, which can quickJy exhaust 
available sources of chemical diversity. Driven by these 
advances in biological testing, several methods of generating 
chemical diversity, primarily peptide- or nucleotide-based 
oligomer h'braries. have been developed using multiple, si- 
multaneous chemical synthesis (1-4) or molecular biology 
techniques (5-7). 

While undeniably useful in chemical lead discovery, these 
oligomer h'braries are limited. The chemical leads discovered 
fix)m these hliraries still require extensive modifications to 
produce suitable drug candidates due to the general unsuit- 
ability of peptides or oligonucleotides as stable, orally active 
drugs. Furthermore, the available chemical fragments, or 
building blocks, are generally limited, even allowing for the 
use of unnatural cnantiomers or artificial amino acids and 
modified nucleotides. Finally, these oligomcric libraries con- 
tain a repetitive backbone linkage, either amides or phos- 
phates, which is contrary to the concept of diversity. 

Recently, Simon et al (8) reported the development of 
oligomeric N-substituted glycines as moti& for the generation 
of compoimd libraries. Although these libraries offer several 
advantages over peptide or oligonucleotide libraries — for 
example, different structural variations, reduced susceptibil- 
ity to hydrolysis, and the incorporation of achiral building 
blocks — they still suffer from a repetitive amide motif. One 
method for the synthesis of nonpeptide, nonoligomeric com- 
pounds was recently reported by Bunin and EUman (9) for the 
solid-phase synthesis of 1,4-benzodiazcpine derivatives. 
Their method, however, is limited by requisite introduction 
of auxiliary functionality (e.g., hydroxy orcarboxylic acid) in 
the target molecule to facilitate attachment to the solid 
support. Furthermore, no apparatus or method for multiple, 
simultaneous synthesis is described. 

True chemical diversity is only achievable by removing the 
restrictions on the bond-forming reactions and building 
blocks used. The resulting compound libraries would have 
the same advantages and uses as oligomer-based libraries 
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with the added benefit that the target structures are limited 
only by the chemists' creativity. 

We have developed an apparatus and method for the 
multiple, simultaneous synthesis of organic compounds to 
create unique collections of compounds, which we call '^di- 
versomers." This apparatus and method greatly increases the 
flexibility and diversity of structures that can be produced by 
multiple, simultaneous synthesis technology. The target 
compounds are simultaneously, but separately, synthesized 
on a solid support in an array format (Fig. 1) to generate an 
ensemble of structurally related compounds. Using this di- 
versomer method, we have simultaneously synthesized and 
characterized 40 discrete hydantoins and 40 discrete benzo^ 
diazepines. The benzodiazepines were then screened in a 
competitive binding assay to ascertain biological activity. 

MATERIALS AND METHODS 

Apparatus. An ^paratus suitable for multiple, simultane- 
ous synthesis on a solid support is represented in Fig. 2. The 
key feature of the apparatus is the use of a gas dispersion 
tube, which we refer to as a "pin," to physically contain the 
solid support (resin) during the reactions. Hiis concept of 
"resin in a pin" is contrasted to current solid-phase multiple, 
simultaneous synthesis technology, which contains the resin 
in a reservoir well (10. 11) ("resin in a well") or on a 
polypropylene rod (12) ("resin on a pin"). Dur design over- 
comes several disadvantages including limited amounts of 
final products («1 tng), the inability to produce soluble 
products, difficulties in manipulating solid supports, and, in 
particular, the general unsuitability for normal organic syn- 
thesis techniques. The fritted glass filters serve to contain the 
solid support, allow efficient mixing between reactants in the 
reservoir wells and the resin in the frit, and facilitate sepa- 
ration of the resin-boimd intermediates from excess reagents, 
solvents, and by-products. The holder block serves to secure 
the pins and provides a means for simultaneously manipu- 
lating the array as a single unit. The reservoir block is 
constructed with an array of reaction wells that accommodate 
the fritted glass fdters, while concurrently retaining a quan- 
tity of reactant necessary to perform the required reactions. 
Separate reaction wells allow individual reactions to be 
executed and monitored, while maintaining the integrity of 
filtrates, intermediates and final products corresponding to 
each location in the array. The manifold encloses the upper 
portion of the pins, allowing control over the reaction atmo- 
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Fig. 1. Two sets of building blocks (1-3 and A-C) undergo a 
single bond fonning reaction to give nine elements (molecules). A 
third set of building blocks (X-Z) and a second reaction will provide 
27 elements. 

sphere. Extended pins can serve as condensers when a 
chilled gas is circulated through the manifold, thus providing 
a means to maintain reflux. The apparatus is secured with 
gaskets and clips to create a gas-tight unit. Reagents can be 
added directly into the pins by injection through a gasket- 
sealed plate at the top of the manifold. Due to the heteroge- 
neous nature of these reactions, agitation is critical to success 
and can be achieved by rotational platform shaking, magnetic 
stirring, or preferably by sonication. 

Automation. A Tecan model 5032 robotic sample processor 
(Tecan U.S., Research Triangle Park, NC) was used to 
perform all of the liquid sample handling and TLC spotting. 

General Synthesis. 9-Fluoreny Imethoxy carbon yl (Fmoc)- 
protected amino acid />*alkoxybenzyl alcohol resins [Wang 
resins (13), 200-400 mesh, 1% crosslinked with divinylben- 
zene, 0.37-0.60 miUiequivalent (meq)/g], hydroxymethyl 
resin (200-400 mesh, 1% crosslinked with divinylbenzene, 
1.04 meq/g), and r-butoxycarbonyl (Boc)-protected amino 
acid Menifield resins (200-400 mesh, 1% crosslinked with 
divinylbenzene, 0.57-0.89 meq/g) were obtained from 
Bachem. Other chemicals and solvents were obtained from 
Aldrich and EM Science and were used without further 
purification. All synthetic compounds and intermediates 
gave satisfactory NMR and MS. Gas chromatography was 
performed on a Varian model 3400 mstrument. 

The standard-array synthesis cycle begins with weighing 
an appropriate amount of solid support into each pin and 
fitting the pins into the holder block equipped with gaskets. 
The manifold and the reaction wells are attached, and a 
positive flow of niut>gen is maintained throughout the total 
reaction sequence. The resins are swelled in the first reaction 





"■>imet/GUtIst 



Fig. 2. The apparatus consists of an array of gas dispersion tubes 
(pins), a reservoir block with multiple reaction weUs, a holder block, 
a manifold, and gaskets. 



solvent and are drained by gravity in preparation for the first 
reaction cycle. Reagents are dispensed, as appropriate, into 
clean reaction wells or directly into the pins through the 
gasket-sealed plate at the top of the manifold. Hie ^paratus 
is heated, cooled, and agitated as necessary to complete or 
equilibrate the reactions. Reaction times are determined from 
preliminary validation studies and/or monitoring of filtrates 
during the course of the reaction [GC or HPLC in coryunction 
with internal standard (ISTD) caiibration methods]. At the 
end of each reaction the pins are subjected to a series of wash 
cycles to remove residual solvents, reagents, and by- 
products. A standard wash protocol includes sequentially 
submerging the pins in 2 x 3-5 ml each of N,N- 
dimethylformamide (DMF), methanol, water, water/dioxane 
(1:1), dioxane, and CH2Q2, followed by agitation by sonica- 
tion for 10-15 min, and finally draining by gravity and 
nitrogen purge. The efiRciency of the wash cycles is moni- 
tored by TLC or GC/ISTD of the wash filtrates. 

Synthesis of Hydantoins. Forty discrete hydantoins were 
synthesized by deprotecting, then treating each of eight 
amino acid resins with each of five isocyanates. This three- 
step synthesis creates an array with eight variations in step 
two and five variations in step three to generate a 40-unit (8 
X 5) two-dimensional array (Fig, 3, data not shown). 

Approximately 95-105 mg each of seven Fmoc-protected 
amino acid Wang (13) resins (phenylalanine, glycine, isoleu- 
cine, leucine, alanine, valine, and tryptophan) and 95-105 mg 
of Boc-protected diphenylglycine (prepared by condensation 
with hydroxymethyl resin) was measured into 40 pins. The 
resins were swollen with 3 ml of DMF. 

To deprotect the Fmoc-amino acids, the appropriate pins 
were submerged in reaction wells containing 3 tnl each of 25% 
(vol/vol) piperidine/DMF with an ISTD (anthracene). To 
deprotect the Boc-amino acids, the appropriate pins were 
submerged in reaction wells containing 3 ml each of 50% 
(vol/vol) trifluoroacetic acid (TFA)/DMF. The apparatus 
was agitated for 6 hr in a sonic bath, and the reaction progress 
was monitored by analyzing aliquots of the filtrates for the 
Fmoc-^iperidine adduct and dibenzofulvene by GC/ISTD 
cahbration methods. 

Resin-bound ureas were synthesized by submerging the 
appropriate pins in reaction wells containing 3 ml each of the 
^propriate isocyanate in DMF (5-20 eq), with an ISTD 
(anthiBcene). The apparatus was agitated in a sonic bath for 
6 hr, and the reaction was monitored by derivatization of a 
sample of the filtrate with an appropriate amine or alcohol, 
followed by analysis by GC/ISTD calibration methods. 

To cyciize and cleave the final hydantoins from the solid 
support, the pins were submerged in reaction weUs contain- 
ing 3 ml each of 6 M aqueous HG. The apparatus was heated 
in an oil bath at 85-lOO^C for 2 hr, while maintaining a 
positive chilled nitrogen flow through the manifold. 

To isolate and purify the products, the pins were sub- 
merged in reaction wells, each containing 3 ml each of 
methanol. The ^paratus was agitated in a sonic bath for 
10-15 min to extract the hydantoins from the resins. The 
methanol extraction protocol was repeated three times, until 
the filtrates were fi-ee of any organic components, as deter- 
mined by TLC. The HQ and methanol filtrates were con- 
centrated on a Speed- Vac instrument to afford 39 of the 40 
desired hydantoins as the HQ salts. A total of 0.3-11.5 mg 
corresponding to 4-81% yield of the desired hydantoins was 
isolated and analyzed by TLC, MS, and NMR. 

Synthesis of BenzodiazepiDes. Forty discrete benzodiaz- 
epines were synthesized by treating each of five amino acid 
resins with each of eight 2-amino benzophenone imines. This 
two-step synthesis created an array with five variations in 
step one and eight variations in step two to generate a 40-imit 
(8x5) two-dimensional array (Fig. 4 and Table 1). 



Chemistry: DeWitl et ai 



r2 



Froc. NatL Acad. Sci. USA 90 (1993) 6911 
r2 



TFA or Fipehdine 



[Resin f 



R=FMOCorBOC 




Fic. 3. General route for synthesis of hydantoins. 



Five Boc-protected amino acid Menifleld resins (alanine, 
glycine, phenylalanine, tryptophan, and valine) were depro- 
tected in bulk (1-5 g). using TFA/CH2CI2, 1:1. at IS'^C 
overnight. The resins were washed with dioxane and CH2CI2, 
then dried under vacuum, and used directly as the TFA salts. 

Approximately 99-107 mg each of five-atnino acid Merri- 
field resins prepared above was measured into 40 pins. The 
resins were swollen with 3 ml each of CH2CI2. 

To form the resin-bound imines, the pins were submerged 
in reaction wells containing 3 ml each of the appropriate 
2-aminobenzophenone imines (3-6 eq) in dichloroethane and 
heated at 60°C (oil-bath temperature) for 24 hr. The pin array 
was then drained and washed by repeatedly dispensing 4-ml 
portions of CH2CI2 through the aperture at the top of each pin 
12 times, until the washes were no longer colored. 

To cyclize and cleave the benzodiazepines from the solid 
support, the pins were submerged in reaction wells contain- 
ing 3 ml each of 100% TFA. The apparatus was submerged in 
an oil bath (60°C) and heated for 20 hr. 

To isolate and purify the final products, the pins were 
drained and then extracted by repeatedly dispensing 2-ml 
portions of CH2CI2 through the aperture at the top of each pin 
three times. The combined washes and reaction filtrates were 
evaporated under a stream of nitrogen. A simple two-phase 
extraction procedure was implemented using the Tecan 5032 
processor. The residues from evaporation were dissolved in 
3 ml of CH2a2 and mixed with 3 ml of saturated aqueous 
NaHCOs. The organic phase was withdrawn, and the aque- 
ous layer was extracted twice more with 1.5 ml of CH2Q2. 
The combined organic extracts were dried with MgS04, 
filtered, and concentrated as before to yield the expected 
benzodiazepines. The 40 products were characterized by 
TLC, NMR, and MS. A total of 2-14 mg corresponding to 
9-63% yield of each benzodiazepine was isolated with esti- 
mated purities (by NMR) typically >90%. 

Assay for Inhibition of Fluoronitrazepam. The assay per- 
formed by NovaScreen (Scios-Nova Pharmaceutical, Balti- 
more) employed bovine cortical membranes with pHJfluo- 
ronitrazepam as the radioligand. Hie percent inhibition of 
radioligand binding was determined at three concentrations 
(10"', 10'^, and 10"^ M). IC50 data were calculated for each 
compound from the average of two determinations at each 
concentration. 



RESULTS AND DISCUSSION 

Central to the demonstration of the diversomer library is the 
development of a "general" method for the multiple, simul- 
taneous synthesis of organic molecules. This method should 
satisfy the following criteria. The compounds should be 
simultaneously, but separately, synthesized in an array for- 
mat (Fig. 1) in a soluble form and in sufficient quantity (>1 
mg) and purity to allow multiple in vitro biological testing. 
The apparatus should be compatible with all the normal 
techniques of organic synthesis. To the extent possible, the 
method should use automation for speed, accuracy, and 
precision. Finally, the intermediate products should be 
readily separable from by-products and excess reagents. To 
satisfy this last requirement we chose to implement solid- 
phase synthesis techniques using functionaiized, cross- 
linked polystyrene resins. The overall feasibility of this 
approach was suggested by literature reports for the synthe- 
sis of nonpeptide molecules on resins (14-16). 

In the diversomer method, building blocks are sequentially 
coupled to the growing molecule on the resin until the 
penultimate, resin-bound product at each location in the 
array is complete. Cleavage from the resin yields a final 
product that can be readily separated from the spent resin. 
Several options for cleavage are illustrated in Fig. 5. The 
preferred strategy (cleavage 1) constructs a resin-bound 
penultimate product possessing distal functionality which, 
when activated or unmasked, will attack the resin-linking 
bond and eject the cyclized product into solution. Because 
compounds that do not **react'* remain attached to the resin, 
this option should provide purer final products. 

Validation Studies. Initi^y, a diversomer synthesis re- 
quires verification of the proposed resin-based synthesis 
including several representative examples before an array 
synthesis is performed. Fourier transform-infi^red, en- 
hanced with deconvolution techniques (17-19), and ^C gel- 
phase NMR (20-22) of the resin-bound intermediates provide 
an excellent means to directly monitor the progress of 
reactions on a polystyrene support. These techniques enable 
qualitative assessment of the success of reactions on a solid 
support but are not amenable for use within the apparatus. 
(Their use within the apparatus would require the removal of 
a prohibitive amount of resin from the pins.) However, 
analysis of the reaction filtrates by GC or HPLC in conjunc- 
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*Bzl. benzyl; 3-MeInd. 3-meihylindole; 4-MeOPh, 4-methoxyphc- 
nyl; Chx. cyclohexyl; 2-Thn, 2-thicnyI; iPr, isopropyl. 

fields are based on indicated loading of commercially available 
functionalized resins (0.50-0.89 meq/g). 

^Approximate IC50 values arc based on three-point fit. VaJues were 
also obtained for the commercially available diazepam (1.46 nM). 
nordiazepam (0.2 nM), and nitrazepam (0.67 nM). corresponding to 
sample numt>ers 14, 10 and 12. respectively. 

(See structure B. 



tion with an ISTD provides an indirect method to monitor the 
course of the individual reactions within the array. This 
technique provides a means to quantitatively monitor the 
uptake or release of reagents &om the resin. 

On the basis of preliminary experiments in the validation 
stage and consideration of reaction kinetics (e.g., steric or 
electronic contributions), the reaction conditions are selected 
to drive the slowest or poorest synthesis in the array to 
completion. 
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Fig. 5. BBn represents building blocks that are bifunctional to 
aDow sequential attachment. The curved structure represents the 
solid support, where the star is the functionality capable of cova- 
lently attaching the growing molecule to the solid support. The three 
possible cleavage modes are illustrated. 

The well-established nature of resin-based peptide synthe- 
sis (23-25) provided an ideal means to validate the ability of 
our apparatus to successfuDy execute multiple, simultaneous 
reactions. Thus, several arrays of dipeptides were synthe- 
sized using standard Fmoc chemistry (26) and a prototype 
8-pin apparatus (data not shown). Each product was analyzed 
by HPLC, MS, and NMR. TTie yields (30-85%) and 
purities were within our defined specifications and, thus, 
verified the utility of the apparatus to produce the expected 
and desired products as designed. 

Demonstration of Diversomer Method. Although the syn- 
thesis of dipeptides serves to demonstrate the utility of the 
apparatus, it is insufficient to validate the general approach. 
To validate the diversomer method, we needed to simulta- 
neously synthesize an array of compounds over several 
synthetic steps, which would produce a representative por- 
tion of the known structure-activity relationship (SAR) 
aroimd a pharmaceutically relevant structure. The syntheses 
of a series of hydantoins and benzodiazepines were chosen 
for this demonstration because of the large SAR already 
developed around the commercial products Dilantin and 
Valium, respectively. 

Synthesis of Hydantoins. The synthesis of an array of 40 
hydantoins, including Dilantin, was achieved using the 40-pin 
apparatus. Five groups of eight Fmoc- or Boc-protected 
amino acid resins were deprotected and then separately 
treated with eight groups of five isocyanatcs, followed by 
treatment with aqueous 6 M HCl to generate 40 discrete 
hydantoins (Fig. 3, data not shown). 

Some of the key features that demonstrate the strengths, 
flexibility, and scope of the method and apparatus are as 
follows. (1) The 40 Hoc- or Fmoc-protected resin-bound 
amino acids were simultaneously deprotected. (w) The equil- 
ibration or completion of both the Fmoc deprotection and 
isocyanate reactions was monitored by GC/ISTD calibra- 
tion methods. {Hi) The final cleavage and extractions were 
efficiently performed even in nonswelling solvents, (/v) Re- 
sidual reactants or by-products were removed by wash cycles 
that included submersion and sonication of the pins in a series 
of solvents, (v) Wash cycles were monitored by robotic 
spotting of the filtrates on a TLC plate and observing the 
results under UV light to insure the removal of residual 
reagents and byproducts. 
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Sjmtbesis and Testmg of Benzodiazepines. The investigation 
of an array synthesis of benzodiazepines as potential targets 
was prompted by a brief communication by Camps et aL (27), 
who reported a one-step synthesis of several benzodiaz- 
epines starting with a resin-bound amino acid. The synthesis 
of an array of 40 benzodiazepines related to Valium was 
achieved by using the 40-pin apparatus. Eight groups of 
five-amino acid resins were trans-imidated (28, 29) with five 
groups of eight 2»aminobenzophenone imines (3D, 31) to form 
resin-bound imines, followed by treatment with TFA (32) to 
generate 40 discrete benzodiazepines (Fig. 4 and Table 1). 

To verify that the compounds produced could be used 
directly in a biological assay, the crude benzodiazepines were 
assayed, without further purification, for inhibition of fluo- 
ronitrazepam (Table 1). The compounds expected to exhibit 
the greatest activity based on the known SAR (33) were the 
most potent compounds in the array [e.g., = methyl (1-8) 
or hydrogen (9-16) and = chloro (2, 6, 10, 14) or nitro (4, 
12)]. The data also provide sufiTicient semiquantitative infor- 
mation to permit reasonable conclusions concerning the 
SAR. For example, substituents larger than methyl at 7?^ are 
not tolerated, electron-withdrawing substituents at R^ are 
favored, and R^ appears to be limited to aromatic rings. 

Conclusions and Uses. The value of the diversomer ap- 
proach is represented in the simplicity of the concept, the 
timeliness for drug discovery efforts, and the innovative 
combination of methods and apparatus to demonstrate the 
multiple, simultaneous synthesis of nonpcptide, nonoligo- 
meric compounds on a solid support. The feasibility of 
preparing arrays of compounds has been demonstrated by the 
multiple, simultaneous synthesis of 40 discrete hydantoins 
and 40 discrete benzodiazepines. This result was accom- 
plished with an apparatus capable of performing 40 simulta- 
neous, but separate, chemical reactions on a solid support. 
The chemistry compatible with the diversomer method en- 
compasses nearly all organic reactions, and the apparatus is 
sufBciently general and complete to allow for most organic 
synthesis techniques. The generality and compatibility of this 
apparatus represents inunense improvements over current 
equipment for multiple, simultaneous synthesis on a solid 
support (10-12). For example, temperature control, agita- 
tion, inert atmosphere, injection of sensitive reagents, and 
reaction monitoring are an integral part of the apparatus. The 
key featm^ of this method is the "resin in a pin'* apparatus 
design, which provides a means to simultaneously segregate 
and manipulate an array of resin-bound intermediates. Fur- 
thermore, the simplicity of our apparatus design facilitates 
the ease of use and construction from commercially available 
components in a variety of dimensions and multiplicities. 

The diversomer method greatiy increases the flexibility 
and diversity of structures that can be produced by multiple, 
simultaneous synthesis technology. Althougli the number of 
compounds produced in a single array (40 separate com- 
pounds) is significanUy smaller than that which can be 
prepared as mixtures by some of the current methods for 
generating peptide bl)raries (10^-10' peptides), this is ade- 
quately offset by the increased quantities and purities of 
products and the enhanced chemical and structural diversity 
that can be achieved using the diversomer approach. For 
example, a typical molecular mass range for orally available 
drugs is 500-600 g/mol; within this range there are approx- 
imately 2.3 million possible tetrapeptides (using 39 d- and 
L-amino acids), whereas there are an unlimited number of 
nonpeptide structures. Because each molecule is produced 
separately and can be fully characterized by standard ana- 
lytical techniques, no time-consuming deconvolution tech- 
niques are needed to determine the active constituent in large 
mixtures of compounds. Additionally, the quantities pro- 
duced are sufficient to allow screening in multiple in vitro 
assays. 



The diversomer library provides an array of compounds 
that are directly suitable for biological testing, thereby dra- 
matically enhancing and accelerating SAR development by 
the ability to screen multiple, related compounds at one time. 
Well-designed arrays of compounds will provide iiiformation 
necessary for lead compound discovery and SAR evaluation. 
With continued use, diversomers will provide unlimited 
sources of chemical diversity. 
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Review 

Mass Receptor Screening for New Drugs 

Ronald M. Burch^-^ and Donald J. Kyle^ 



Mass receptor screening is capable uf ictentifying drug candidates io targe compound libraries. Our 
laboratory bas developed a mass screening technology by standardizing assay protocols that can be 
transferred from receptor to receptor. The entire operation, from disbursement of compounds to data 
analysis, is computerized to handle vasi nuraben; of experimental results. The success of this method 
depends upon strict defmitions of compound activity, with rapid elimination of compounds that do not 
fulfill all criteria. Finally, we approach automation with caution. While certain items, such as auto- 
matic harvesters, aie essential for high-thruughput screening, much time can be spent optimizing 
gadgets instead of gathering data. 

KEY WORDS: receptor, data analysis; ligand binding; mass screening: HyperCard; stnicture data 
base. 



iNTRODUCTION 

Mass ligand binding screening or "receptor screening** 
to detect receptor agonists or antagonists is a relatively re- 
cent technique. Many new peptide neurotransmitters, pep- 
tide and protein hormones* cytokines, and grt>wth factors 
are tempting therapeutic targets. In the ca.ve of smaller pep- 
tides, little secondary structure is apparent in solution (I), 
and deletion of certain residues may result in inability of the 
analogue to bind to its receptor. The deleted residue may not 
play a role in binding; instead, it may normally serve as part 
of the ''messenger portion" of the molecule^ directing it to 
the proper level in the membrane to enable the "address 
portion" actually to bind to and activate the receptor (2). In 
the case of larger protein ligands, secondary and tertiary 
structure exist, but few structures are available, and at this 
time it is not understood what parts of the molecules interact 
with receptors. For example, imerieukin I exists as two dif- 
ferent molecules, interieukin la and interleukin Ip, each 
with a molecular mass of 17,000 daltons. Both bind to the 
receptor whh a similar affinity, yet they share only 26% 
sequence homology (3). Ilic recent explosion in molecular 
cloning of receptors has revealed largely unsuspected diver- 
sity in what were thought to be well-described receptor 
classes. For example, at least five distinct subtypes of mus- 
carinic acetylcholine receptors have been identified (4), 
while pharmacological probes had firmly detected only two 
(5). The existence of additional receptor subtypes, often with 
distinct distributions, makes it certain that far more specific 
therapeutic agents may be possible. Examination of old li- 
braries of compounds may yield agents quite specific for the 
new receptors. 
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Mass screening strategies may be directed, that is. spe- 
cific compounds naay be chosen, or the strategy employed 
may be random among available compounds \n chemical or 
natural product libraries. Nonpeptide analogues of peptide 
agonists have been derived from natural products, for exam- 
ple, opiates and cholecystokinin antagonists (6). Our labora- 
tory can screen 10,000 compounds per month in an assay 
with a team of only three technicians. However, reliance on 
ligand binding assays without validation of leads in biological 
assays, can lead down synthetic blind alleys (7). While 
ligand-binding methodofogy results in few false negatives, 
certain assays generate mtmy false-positive results. This re- 
view addresses ligand binding assays for high -throughput 
screening. 

THEORY OF LIGAND BINDING ASSAYS 

The theoretical basis of ligand-receptor binding assays 
has been previously described (8,9). The dissociation con- 
slant, K^, with units of moles per liter, is used here as a 
measure of affmity. Many physiological ligands and thera- 
peutic agents interact with their receptors in such assays 
with values of a few nanomolar to as low as a few pico- 
molar, while few therapeutic agents exist with values in 
the micromolar range. 

Receptor affinities are determined by incubating multi- 
ple tubes with identical amounts of tissue preparation and 
radioligand but with increasing amounts of the test com- 
pound. iC^o values of tracer displacement are calculated as 
shown in Fig. 1. To account for tracer receptor binding, the 
Cheng-PrusofT equation (10) can be used to calculate the 
from the IC50 of the test compound for the receptor, the 
value usually being written "/T/* to denote that it was ob- 
tained by the competition method just described. 

Ute Ideal Assay 

The success of the binding assay depends upon two 
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Fig. 1. "Competition curve" for a test compound to compete with 
a radiolabeled ligand for binding at a receptor. Total binding is 31O0 
cpm. Nonspecific binding, 100 cpm» was obtained in the presence of 
I yM unlabeled ligand (not shown). Thus, specific binding lo the 
receptor is 3 100 - 100 = 3000 cpin. One-half of total binding Is 1500 
cpm (plus 100 nonspecific), or 1600 cpm. The dotted line shows 
interpolation of the IC«, = 10"'*' M, or 200 pA/. From the ICjo. the 
Ki value can be calculated (see Ref. 10). 

components, the tissue and the ligand. The aims in choosing 
the tissue and ligand are the attainment of a high signal- 
to-noise ratio and the specificity of the assay. 

Tissue, An ideal tissue has a high density of receptors in 
order to achieve a high signal without the need for large 
amounts of tissue (which often leads to high noise because of 
difficulty in separating unbound ligand). However, many of 
the receptor:* for recently discovered biologically active pep- 
tides are found in low abundance. For example, interleukin 
I receptors are found at densities as low as 200 per cell in 
lymphocytes (1 1). In the case of interleukin J, use of other 
tissue sources in screening is possible. Fibroblasts can ex- 
press 3000^5000 interleukin I receptors per cell (11), while 
ceils **coromonly** express 15.000 to 50,000 receptors for 
many hormones. In addition, certain transformed lympho- 
cytes express tens of thousands of receptors per cell (12). 

Suppose one wishes to identify antagonists of the lym- 
phocyte interleukin 1 receptor. The low number of receptors 
expressed by normal lymphocyte would make their use too 
costly. One may choose fibroblasts or a transformed line, 
but it must then be shown that the binding sites on these cells 
are identical to the target receptor on normal lymphocytes, 
For the interleukin 1 receptor these problems have been 
solved; molecular cloning has demonstrated that the recep- 
tors on normal lymphocytes, transformed lymphocytes, and 
fibroblasts all have identical structures (12,13). 

One must also be aware that a binding site is not nec- 
essarily a receptor Many ceUs express B2 bradykinin recep- 
tors. Binding sites were identified in several tissues, includ- 
ing guinea pig ileum, murine and human fibroblasts, and neu- 
roblastoma cells (14), which were affected in predictable 
ways by known bradykinin analogs. However, one "re- 



ceptor" identified on neuroblastoma cells was later shown lo 
actually represent a metabolic enzyme, angiotensin convert- 
ing enzyme (15). 

Another potential source of misinformation is the pres- 
ence of more than one subtype of receptor in a preparation. 
This is of particular concern when complex tissues such as 
brain are used, and in receptor systems for which agonists 
must be used as ligands (sec below under Ugand), The pres- 
ence of multiple receptor subtypes in a tissue may result in 
confusing results, or, if one subtype is present as a small 
percentage of the total, it may be missed entirely. Several 
possible methods can be used to reduce the problem of re- 
ceptor heterogeneity. Radioligands specific for only a single 
receptor subtype may be used. However, specific ligands are 
rarely available. 

A novel approach is the use of cloned receptors, stably 
expressed in cells which do not usually express any binding 
site for the ligand that is used (16). Such systems provide 
unambiguous assays, using human receptors without the 
need for access to human tissues. 

Ligand. An antagonist is the ideal ligand. In many sys- 
tems agonists may not recognize all receptors (17). Also, 
many of the binding assays for cytokines and growth factors 
utilize intact cells. Unless care is taken to use very low as.<iay 
temperature, many agonists will be internalized as com- 
plexes with their receptors (18). making unreliable any 
"binding parameters" obtained. Fmaliy, a radiolabeled en- 
dogenous agonist will rarely discriminate among receptor 
subtypes, since nature intended for all to recognize the 
ligand, and virtually all natural ligands have similar affinities 
for receptors (100 pM-5 nM). Unfortunately, when screen- 
ing against newly described receptors, antagonists arc rarely 
available; identification of the first one is often the goal of 
the screening exercise! 

Mass Screening Protocols 

Mass ligand binding screening requires enormous plan- 
ning and coordination. Following are examples of how 
screening efforts are coordinated in our laboratory. The first 
is appropriate for small-scale projects; the other is suitable 
for large projects. 

Discovery of a New Lead for a Single Receptor 

Manual Approach. A single technician is required to 
harvest the tissue, prepare it, obtain samples of test com- 
pounds fix>m the compound disbursement facility, set up and 
terminate the assay, prepare the filtered samples for radio- 
activity counting, calculate results, and add them to a data 
base. Using this protocol, technicians usually perform as- 
says 2 days per week. Assays are set up in 48- or 96-tube 
racks or in %-well plates. Either twelve 48-tube racks, or she 
9()-tube racks are set up per day, resulting in 576 lubes. Each 
rack contains duplicate tubes for total bound counts and 
nonspecifically boimd counts. Each day a Ki is determined 
for a reference compound. Thus, about 520 tubes are avaD- 
able for test compounds. Since each compound is assayed 
using a single tube, 520 different compounds are assayed per 
day. 

Tissues, buffers, and ligands are prepared in the morn- 
ing. Incubation requires 1-3 hr, followed by termination of 
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the assay using a cell harvester. AU 576 tubes can be filtered 
and washed within 15 min. The filters are then punched into 
counting vials. 

The next day, the ATj of the reference compound and 
percentage inhibition of binding by the test compounds are 
calculated, then entered into a data base. Hard copies of all 
the raw count data and calculations may he affixed in note- 
books. A single binding technician can screen about 1000 
compounds per week. Each technician in. the compound 
room can weigh and solubilize about 250 compounds per 
day. Thus, one disbursement technician is required per bind- 
ing technician. A library of 10,000 compounds requires about 
10 weeks for initial activity determination, using a total of 20 
technician-weeks. 

Hi0i'Throughput Approach, Screening of a large li- 
brary through a single receptor assay is belter performed by 
assay teams, composed of one technician who performs the 
binding assay and two technicians who disburse solubilired 
compounds. The binding technician performs a 576-tube as- 
say every day. so that in a week*s time, about 2500 test 
compounds can be screened. Such high throughput depends 
critically on computerization. 

All compounds are identified with bar code labels. Mo* 
lecular weights and other pertinent information ai-e entered 
into the computer (Fig. 2). Balances are interfaced to the 
computer. Thus, to disburse a compound, a technician 
passes a bar code reader over the vial, opens the vial, and 
places an aliquot of compound onto the balance pan. 'ITie 
computer reads the mass and prints a label identifying the 
compound number and the volume of solvent (usually di- 
methyl sulfoxide) to add to the saniple to reach the desired 
stock concentration. The technician places the sample into a 
vial, aflixcs the labeK and add.s solvent. The next sample 
may then be processed. At the end of the disbursement pro- 
cess (520 compounds plus a reference compound) the conv 
puter prints a table containing compound identification num- 
bers, disbursement numbers, amount weighted, molecular 
wei^i, and volume of solvent added to reach a stock con- 
centration. This information is passed on to the binding tech- 
nician with the samples. 
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Rg. 2. Nova Pharmaceutical Corporation compound submission 
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The computer acquires data from the counters in real 
time. The next day, the binding technician is required to 
spend only a few minutes to call up the raw data to assure 
that total and nonspecific binding arc within standard Hmits; 
then a calculation program is chosen along with the identi- 
fying number of the file of compounds in the assay. The 
computer performs all calculations, then» upon approval of 
the technician, enters data automatically into a data base. 
With such a system the binding technician is relieved of the 
tedium of data calculation and entry, and the system is not 
corrupted by data entry errors. Entered into the notebook 
are the assay protocol (these are standard and are entered 
only as a number), the number of the file containing the raw 
data, and the list of compounds that were assayed. 

Using this technology, a lO.OOO-compound library re- 
quires only 4 weeks for determination of activity, and only 
12 technician-weeks is rcquh-ed. 

Simultaneous Screening at Multiple Receptors 

Most pharmaceutical companies possess large libraries 
of compounds. 'Iliese libraries arc valuable resources, for 
they may contain the prototypes for new therapeutic classes 
of drugs. Every year, new receptors are discovered and de- 
scribed in the scientific literature. Thus, a chemical library 
may be rcscreened year after year, in new assays. 

In a multiple screening paradigm, integrated teams of 
disbursement and assay technicians are not required, since a 
single disbursement will serve for many different assays. 
When such a project is under way. the separate groups of 
disbursements are stored at 4**C in a central location. 

For each assay, 4 weeks is required, as described 
above. In Fig. 3 another consideration is illustrated, the 
**low-s!gnal** assay. To this point, the projected time-lines 
and labor estimates have assumed assays of high signal.** A 
high signal assay has little nonspecific binding, for example, 
our bradykinin assay, with binding of 98%, Total binding 
might be 3000 cpm, while nonspecific binding is about 100 
cpm. If an active compound is one that inhibits binding by 
50%, then few false-positives or -negatives will occur based 
on counting errors. However, certain assays, for example 
those for eicosanoids, have only about 50% specific binding. 
Assuming total binding of 2000 cpm, then nonspecific bind- 
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Kg. 3. Time-line for screening a library of 10.000 compounds in 30 
dinercnt receptor assays. 20 with a high .<itgnaI-lo-noise ratio and 10 
with a bw .<Eignal-to-noise ratio (the relative heights of the boxes). 
The time assumes a single binding technician for each assay, all 
perfoiTQcd simultaneously. 
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ing will 1000 cpm. An active compound will reduce bind- 
ing to 1500 cpm. Qearly. with a window of 500 cpm. or 
one-third to one-fourth of the total binding, there will inev- 
itably be a significant number of fahe-pos.tives or - 
negatives. Hius. in low-signal assay.., all compounds are 
screened twice, extending the time required for determma- 
lion of initial activity to 8 weeks. All compounds that are 
inactive in one trial and active in the other ^fj^^^^l'^ 
together a third lime. In Fig. 3. we assumed 30 separate 
receptors, 20 high signal and 10 low .signal. Disbursement of 
compounds requires 4 technician-weeks. The 20 togh-s.gnal 
as.say.s require 80 technician-weeks; the 10 low-s.gnal as- 
says^ 80 technician-weeks. 

Secondary Binding Screening 

After initial activity testmg. values are determined 
for all "active compounds (Fig. 3). Two compounds are as- 
sayed per 48-tube rack, a single technician performing 24 
deLrminations per day. Ideally. K. values are determined 
using fresh disbursements of compounds. Potency testing 
requires very Utile time compared to activity lestmg (Fig- 3)^ 
In addition to determining potency in the assay in which 
a compound is active, all compounds are tested for specific- 
ity often in 30-40 different receptor binding assays. Gener- 
aUy. this is done using a single concentration of the com- 
pound, with .secondary potency testing being performed m 
assays in which the compound wa.s su^thre. Of course, when 
initial screening of a librar>' is done in a battery of assays 
(Fig. 3), specificity testing in binding U built into the iniial 
screening effort. 



FUNCTIONAL SCREH^ING 

After a compound has been found active and specific, 
its agonist or antagonist properties are detcrmmed, since 
binding assays cannot distinguish between the two. Fonc- 
Uonal assays can range from second-messenger assays to 
properties at isolated tissues. Second-messenger assays are 
chosen appropriate to the receptor type being studied, for 
example. cAMP accumulation, calcium mobdizalion, pros- 
taglandin synthesis, and inositol phosphate fonnation. Func- 
tSnal assays should be performed in systems that are max- 
imally complex without sacrificing too much m speed. We 
often choo.sc isolated smooth muscle preparations. 1 hey are 
often .sensitive to poorly specific compounds, exhibiting in- 
creased irritability or depressed responsiveness, making de- 
tection of nonspecific compounds less difficult. 

In functional screening several concentrations of the 
compound are tested to determine whether it elicits the ef- 
fecT^xpected of an agonist. Next, its ability to mh.bu U« 
effect of a known agonist is determined. Any compound that 
exhibits a "negative- activity musi be tested to detennme 
whether it is acting at a specific receptor or exerting some 
nons-pecific or toxic effect A I^^ISJ^; 
bition of some process. For example, Jyl^^.^^^'T^^ 
inasiiol phosphate formation in fibroblasts (20). Ihus a 
SonS asLy for detection of a bradykimn antagonist 
S ist of determining whether a test compound can 
blS bredykinin-induced inositol phosphate formation 
SSion^f Uie process may take place, not 0"ly at the levd 
of the bradykinin receptor, but also at the level of an enzyme 
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in the pathway to inositol phosphate or at the level of cell 
viabilhy. When u-sing negative assays, any active compound 
must be te.stcd carefully for specificity. For the assay just 
described, .specificity testing might consist of eliciting uiosi- 
tol phosphate fonnation with thrombin or bombesin, wluch 
act at their ovwi. distinct receptors. The test compound, if it 
acts at the bradykinin receptor, should have no c£fecl. 

If possible, assays should be designed such that positive 
effects aie elicited by active test compounds. For exacnple. 
tumor necrosis factor causes cytotoxicity (21). A positive 
assay for a tumor necrosis factor receptor antagonist might 
consist of determining whether a test compound can block 
the cytotoxic effect of tumor necrosis fector. 

DEFINING SUCCESS 

We define "active" from 50% inhibition of binding at a 
concentration of test compound of I mM to 70% inhibition of 
binding at 1 (lM- The definition may depend upon the hit 
rate" of the assay. In excitatory amino acid binding assays, 
bii rates may be as high as 10-20% at test compound con- 
centrations of 10 iM: in inte.rif.ukin 1 binding assays the hit 
rate is 1 in 5000 or less. If a high concentration of test com- 
pound is required to detect activity, it is less hkeiy thai a 
specific interaction is taking place between the compound 
and a receptor (7). . . • j- „ 

Useful lead compounds have had /C, values m binding 
assays no higher than a few micromolan our own initial 
bnidykinin antagonist lead. NFC i6i,K, of 400 rM (14); the 
initial Merck cholccystokinin antagonist lead, aspcrlicin, 
of 0 6 ilM (6); and the Dupont imgiolensin II antagonist leaa. 
X, of 40 nA/ (22). Most often our "hit criterion" is 50% 
inhibition at a 10 |JtM concentration of test compound, this 
assuring a Ki of no more than 10 »iM- 

Of importance equal to potency is xpecU'ctty. In the past 
we have synthetically pursued "leads" with K-.'s of 1 M-M 
that were nonspecific in functional assays. In no case has 
any useful compound been developed f7). An impotent com- 
pound or a potent, nonspecific compound is not a viable 
lead. 



PROCESS tfx:hnology 

We have found that most mechanical automation tech- 
niques do not increase throughput. Ligand binding assays 
are very straiBhtforward. The use of re.servoir-equipped pi- 
pettes, such as the Eppendorf Combitip. is enormously more 
rapid than using robot systems. Addmg either radioligand or 
tissue to 576 tubes requires approximately 5 min using a 
Combitip. A robot requires at least as much time, plus pro- 
gramming, plus extensive maintenance. 

High-throughput assays arc impossible without an auto- 
matic sample filtration device. Brandel harvesters simulta- 
neously filter and wash 48 samples using a single filter mat. 
in about 1 min. Heads are available to fit several formats, 
such as 48- or 96-tube racks and 96-well plates. Each fiker 
port has a surface area of 250 mm*; filtration area is a very 
important consideration when using solid scintillants (19), 

Filling and capping scintillation vials are time- 
consuming. Now. however, fdter mats containing solid scin- 
tillant are available (19), which require no filling or capping 
of tubes. Counting efficiency using the Brandel apparatus 
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with solid sdntillant is comparable to liquid scintUlants. Use 
of filtration apparati with smaller surface areas is associated 
with dramatically reduced counting efficiency due to * 'tissue 
stacking" (19). 

COMPUTERIZATION: THE KEY TO 
HIGH THROUGHPUT 

Inventory Considerations 

Computerization of every possible step in the bindmg 
laboratory, from disbursement of compounds to collecting 
and analyzing data, is the cornerstone of maximizing 
throughput. Our central VAX facility is accessed via termi- 
nal emulation, through VTERM (Coefficient Systems, New 
York) on **IBM-compatable** computers and VersaTerm- 
Pro (Synergy Software, Reading, Pemisylvania) on Mac- 
intosh computers. Each compound is assigned an identifica- 
tion number that corresponds to the "parent stiucture" (i.e., 
the molecular structure as it would exist in the salt-free 
form). Its source, molecular weight, salts, information on 
solubility, and literature references are stored on a data rec- 
ord form (Fig. 2) that is translated into a database using the 
Customization Module of the MACCS U program. The in- 
terface serves as a window into two separate data-base sys- 
tems housed on the VAX computer ORACLE (Oracle Cor- 
poration. California) for inventory and biological data and 
MACCS li (Molecular Design Ltd., San Leandro, Califor- 
nia) for chemical structures. Several modes of error check- 
ing are used, including duplicate checking and molecular 
weights. Molecular structure "drawing rules" arc followed 
while drawing a chemical structure in MACCS II, to provide 
guidelines for the visual orientation of a chemical structure 
going into MACCIS II, so that upon retrieval in report for- 
mat, there will be uniformity between them, 

Managi'og the Blologica] Data 

There are two approaches available for translating bio- 
logical results into the central clata-base system. Since mass 
screening assays are composed of multiple racks of identical 
arrangement, it is preferable to transmit raw data directly 
from the radioactivity counters lo the VAX. Using a set of C 
programs, the output from any given counter is routed 
through a VAX RS-232 port, then written to a data file of text 
format resident on the VAX. From the data file, percentage 
inhibitions, ICso's, X/s, and Hill coefficients are deter- 
mined. To enhance the review process, a listing of only those 
compounds considered as "hits" on the basis of a predeter- 
mined percentage inhibition is also generated. Furthermore, 
the results from those samples added to the rack as quality 
control are listed independently, since their biological profile 
is known in adv£tnce and a quick analysis of these calculated 
biological values can provide insight to the integrity of the 
experiment. After the review process, the technician Is able 
to order the VAX to dump the results directly into the cen- 
tralized ORACLE tables for subsequent public access. 

Biological data can also be entered onto the VAX man- 
ually. Data from functional a.«;says in most cases tends to be 
*'cu5tomized,** thereby making the more automated systems 
nongeneric and overly complex. 

The Macintosh is used as the platform for developing a 



circumvention of the traditional VT 100 type'* data entry 
procedure (SQL*MENU or SQL*PLUS). This required 
both the ORACLE program and Apple's HyperCard. Using 
a custom interface developed within the HyperCard environ- 
ment, a technkian is able to enter data manually, in free 
format, into a scrolling HyperCard field. Sorting data, num- 
bering experiments, extensive error checking, printing of 
hard copies, and writing out text files containing the data are 
functions handled through the Macintosh interface. In addi- 
tion, the cut, copy, and past features on the Macintosh are 
used to simplify data entry. The SQL*LOADER facility is 
used to fill ORACLE tables resident on the Macintosh with 
the text files written by scientists during the previous week. 
Subsequently, these tables are transferred lo the VAX over 
the eihemet using the "copy table" command in ORACLE. 
IndividuaDy tailored hard-copy reports may be generated 
that display suitctures, and whatever data are appropriate. 
In effect there is no direct interaction between the scientists 
and the centralized data-base facility. 

For those instances where the Kcicntists must access the 
VAX ORACLE tables, another HyperCard card is used to 
structure complex SQL queries (Fig. 4). Thus, staff mem- 
bers are able to insert, update, or simply view the centralized 
ORACLE data easily with little training in SQL queries. 
Implementation of this technology relies on Ethernet boards 
attached to the Macintosh computers and SQL*NE*r net- 
working protocol running on both PCs and the VAX com- 
puter. A comprehensive overview of the flow of electronic 
information is presented in Fig. 5. 

BEYOND LEAD IDENTIFICATION 

(Computerized Structural Search Paradigms for 
Pharmacophore Identification 

The ability lo search binding data in as many as 70-100 
assays and functional data in dozens of assays is a powerful 
tool when coupled lo the ability to search chemical libraries 
by structure. Molecular structures are electronically stored 
in a variety of formats, usually dictated by some combina- 
tion of atom type and a connectivity scheme. Data-base pro- 
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grams that handle structures generally provide utilities for 
initiating any one of a variety of searches. Examples include 
searching by moleciilar formula, chemical namc» or sub- 
structure, ibe latter being of most interest to the practicing 
medicinal chemist. The substructure itself may be either 
jointed or disjointed, completely defined atom by atom and 
bond by bond, or variable. Consideration of these substruc- 
tures is possible either alone or» in some cases, in association 
with other physical characteristics including piT, spectro- 
scopic data, or partition coefficients if those data are avail- 
able. 

The primary goal of the medicinal chemist is to establish 
a relationship between the three-dimensional structure of a 
series of molecules and their measured biological activities 
(SAR» structure-activity relationship). Upon formulation of 
an SAR, the next step is the design of chemical entities, 
consistent with the hypothesis » that are expected to show an 
enhancement in the biological property if the SAR is valid. 
Formulation of an SAR and the subsequent preparation and 
biological testing of these molecules become a repetitive cy- 
cle that ideally can guide- the chemist toward a structural 
entity with desirable therapeutic properties. 

The structural data base in combination with the binding 
and functional assay information can be used to search for 
features that include or exclude certain structures from being 
active. Several reports have appeared describing the appli- 
cation of similarity and dissimilarity measures to the storage 
and retrieval of structural information. In one exan^Ie (23), 
classification of local anesthetics according to similarity and 
dissimilarity coefficients between pairs of structure diagrams 
and application of cluster analysis to the results was similar 
to biologic classification. 

Perhaps of more significance is the application of simi- 
larity and dissimilarity measures as an enhancement to ran- 
dom receptor binding screening programs. The similarity 
measure of a compound is represented as a vector of chem- 
ical descriptors in chemical descriptor space. Association of 
the biological activity of a molecule with that chemical de- 
scriptor space has utility in defining a sinrilarhy-activity 
space. Hence, lead compound discovery mi^t be reduced to 
locating a compound in a new regiori of this space, Lead 
compound opUmization, by analogy, might be viewed as lo- 
cating a structure within the same region of space as its 
parent but that represents a move to a more active geograph- 



ical site. Selection of compounds for subsequent receptor 
screening on the basis of dissnnilarity has been proposed as 
an effective means of locating new lead structures by obtain- 
ing the widest sampling of .similarity-activity space, out«de 
of that region defined by the initial receptor hits, with a 
minimal number of compounds. 

Extensions of the two-dimensional structural data bases 
based on connectivity are the three-dimensional structural 
data bases capable of storing multiple conformations of any 
given chemical structure together vrith their corresponding 
physical properties, either measured or calculated {MACCS 
3D, MENTHOR (24): CHEMSTAT (Chemical Design Ltd., 
Oxford, England)!. Tbts^o data bases are ideal end points for 
housing conformations derived from molecular modeling 
studies. X-ray crystallography, or NMR experiments. Fur- 
thermore, the information is handled in three dimensions, 
completely consistent with the logic oi the chemists destined 
to make use of the information. Some of the issues surround- 
ing the practical implementation of a three-dimensional data 
base inchide how many conformations for each molecular 
structure will be stored and the method of gradient conver- 
gence, whether those conformations are determined by mo- 
lecular mechanics, scmiempirical methods, or ab initio 
methods, and v^^ether the structures are local energy min- 
ima or dynamic. Methods are available for rapidly convert- 
ing two-dimensional chemical structures into three- 
dimensional molecular coordinates [CONCORD (Evans and 
Sutheriand Computer Corp., Salt Lake City, Utah); CORBA 
(Oxford Molecular, Oxford. England)]. Each of these meth- 
ods is constructed upon expert systems, eliminating the need 
for any numerical cvahiation of either a wave function or a 
classical potential energy expression. There are also growing 
numbers of commercial data bases that contain the three- 
dimensional coordinates of selected groups of molecular 
structures. 

Although there is much uncertainty as to the most ef- 
fective implementation of a three-dimensional data-base sys- . 
tern, the most promising applications will likely be related to 
three-dimensional searches based on some interesting phar- 
macophore pattern. Unlike the substructure searches run on 
two-dimen.sional molecular structures where ** matches*' are 
effectively predefined on the basis of the connectivity of the 
substructure, the three-dimensional search has the capability 
of matching the relative spatial orientations of functional 
groups or atoms irrespective of the connectivity between 
them. In searching a subset of the Cambridge Crystallo- 
graphic Database for those molecules which could fit inside 
the combined vohime of several known nicotinic agonists 
and which had interatomic distances compatible with a given 
pharmacophore geometry (25), several novel designs for 
nicotinic agonists were derived. In another example, 
ALADDIN was iLsed to test alternative. supciposition rules 
for mapping of the D2 dopamine receptor, then design com- 
pounds to fit the knov/n binding site. Indeed, three com- 
pounds were discovered in the search that had activity at the 
D2 receptor (26). 

Computer technology is providing powerful tools with 
direct application to drug discovery programs. Theoretical 
fH-operties for molecules can be calculated and saved m as- 
sociation with a cbemrcal structure. All can be stored elec- 
tronically as part of a centralized database system containing 
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diverse biologicai data. Although in its infancy now» this 
(echnology should minimize duplication of synthetic efforts 
on the part of medicinal chemists and should also provide a 
wealth of information in suppon of, and advancement of, 
their ongoing structure--aclivily rchitionship hypotheses. 
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Erythropoietin (EPO) controls the proliferation and differentiation 
of erythrotd progenitor cells into red blood cells. EPO induces these 
effects by dimerization of the EPO receptors (EPOR) present on 
these cells. To discover nonpeptide molecules capable of mimicking 
the effects of EPO, we identified a small molecule capable of 
binding to one chain of EPOR and used it to synthesize molecules 
capable of inducing dimerization of the EPOR. We first identified 
compound 1 (/V-3-[2-(4-blphenyl)-6-chloro-5-methyl]indolyl-acetyl- 
L-lysine methyl ester) by screening the in-house chemical collection 
for inhibitors of EPO binding to human EPOR and then prepared 
compound 5, which contains eight copies of compound 1 held 
together by a central core. Although both compounds inhibited 
EPO binding of EPOR, only compound 5 induced dimerization of 
soluble EPOR. Binding of EPO to its receptor in cells results in 
activation of many Intracellular signaling molecules, including 
transcription factors like signal transducer and activator of tran- 
scription (STAT) proteins, leading to growth and differentiation of 
these cells. Consistent wKh its ability to induce dimerization of 
EPOR In solution, compound 5 exhibited much of the same bio- 
logical activities as EPO, such as (/) the activation of a STAT- 
dependent luciferase reporter gene in BAF3 cells expressing human 
EPOR, (/7) supporting the proliferation of several tumor cell lines 
expressing the human or mouse EPOR, and (//'/) the in vrtro differ- 
entiation of human progenitor cells into colonies of erythrocytic 
lineage. These data demonstrate that a nonpeptide molecule is 
capable of inducing EPOR dimerization and mimicking the biolog- 
ical activities of EPO. 

Erythropoietin (EPO) is essential for the maintenance of red 
blood cells in humans as well as in various animal models (1), 
reviewed in ref. 2. In humans, the kidney is the primary source 
of EPO synthesis, whereas other organs such as the liver and 
brain produce small but significant amounts in adults (3-6). 
Deficits in EPO production result in anemia in humans and in 
animal models. In humans, the most prevalent form of anemia 
is associated with kidney failure (7). At present, the only 
treatment for this form of anemia is administration of recom- 
binant EPO via subcutaneous or intravenous injection (8-10). 
The use of recombinant EPO has significantly improved the 
quality of life of these patients; however, this treatment requires 
repeated administration of recombinant protein, which is both 
inconvenient and expensive. 

EPO induces its biological effects after binding to a cell- 
surface receptor (EPOR), Binding of EPO to EPOR results in 
dimerization of these receptors, as is the case for many other 
growth factor and cytokine receptors (11, 12). Apparently 
dimerization of EPOR is all that is required to trigger the 
biological responses associated with EPO. A constitutively active 
(hormone-independent) EPOR was first isolated after retroviral 
transduction (13). The activation of this receptor mapped to an 
arginine-to-cysteine mutation at position 129 in the human 
EPOR. The mutant receptor forms disulfide-linked homodimers 
in the absence of EPO (14). After this example, more constitu- 
tively active EPORs have been created by introducing a cysteine 
residue in parts of the putative EPOR dimerization interphase 
(15, 16). These mutant receptors, when introduced into growth 
factor-dependent BAF3 ceUs. converted them into growth fac- 
tor-independent cells. Similarly, a bivalent monoclonal antibody 
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directed toward the extracellular domain of the EPOR promotes 
dimerization of EPOR and mimics EPO acdvities (17). More- 
over, recently a 20-aa peptide, EPO mimetic peptide-1 (EMP-1), 
has been shown to dimerize the EPOR in solution as well as on 
the cell surface (18, 19). This peptide exhibits EPO-like activities 
both in vitro and in vivo (18). 

The crystal structures of EPO/EPOR and EMP-1 /EPOR 
complexes have been solved and reveal a different configuration 
of the EPOR dimer in each of the complexes (19, 20). On the 
basis of the three-dimensional structure of EPOR observed in 
these crystals, the mutations described above are in a region of 
the exoplasmic domain that . is too far away for disulfide bond 
formation to occur between the two EPOR molecules. There- 
fore, it is unlikely that the covalently held EPOR dimers induced 
by mutations in the exoplasmic domain (as described above) will 
have a configuration similar to that of EPO- or EMP-l-induced 
EPOR dimers. A similar conclusion may be drawn for the 
monoclonal antibody-induced EPOR dimers. All these data 
suggest that, although the dimerization of the EPOR is impor- 
tant, the conformation of EPOR in the dimer complex is quite 
flexible. This also suggests that other molecules capable of 
dimerizing the EPOR may be able to act as EPO mimetics as 
well. 

We are interested in developing small -molecule EPO mimet- 
ics for the treatment of anemia. On the basis of the character- 
istics of EPOR-diraerizing entities described above, it appears 
that such a molecule must have functional groups capable of 
interacting with at least two receptor chains. One possible way 
to obtain such a molecule is to first identify a compound that can 
interact with one chain of the EPOR and then ligate it in such 
a way that it can now interact with both chains of the receptor. 
In this paper, we report on the identification of such a molecule, 
which we initiaDy identified as an EPOR antagonist. This 
molecule, when presented as an oligomer, is converted into an 
EPOR agonist, recapitiilating some of the biological activities 
associated with EPO. 

Materials and Methods 

Synthesis of Compounds and EMP-1. Compound 1 was synthesized 
by using Starburst poly ami doamino-octa -4-hydroxymethy Ibenz- 
amide (2) as a soluble support, as shown in Fig. 1. To a stirring 
solution of support 2 (0.05 mmol, 105 mg) (21) and Fmoc- 
Lys(Boc)-OH (0.8 mmol, 364 mg, 2 eq per handle) in 3 ml of 
A^,A^-dimethylformamide (DMF) was added catalytic 4-dimeth- 
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Fig. 1. Scheme 1 for the synthesis of compounds 1 and 5. 

ylaminopyridine (3-5 tng), followed by l-ethyl-3-(3-diinethyl- 
arainopropyl)carbodiimide (0.8 mmoi. 154 mg). The reaction was 
stirred overnight at ambient temperature. Dendrimer 3 was 
isolated by size exclusion chromatography (SEC) on Sephadex 
LH-20 (Amersham Pharmacia) eluting with DMF, followed by 
SEC on Bio-Rad Biobeads S-X3 eluting with CH2CI2. Removal 
of solvent in vacuo afforded 204 mg of 3 as a beige solid. 
Compound 3 (0,016 mmol, 1 00 mg) was treated with 3 ml of 30% 
piperidine in DMF for 15 min and isolated by SEC on Sephadex 
LH-20. The resulting octa-amine was dried in vacuo, and residue 
was dissolved in 3 ml of DMF containing 3-(4-biphenylbenzo- 
yl)propionic acid (0.3 mmol, 76 mg, 2.3 eq) and 1-hydroxyben- 
zotrazole hydrate (0.3 mmol, 41 mg). To the solution was added 
diisopropylcarbodiimide (0.3 mmol, 54 ylS). The mixture was 
allowed to stand overnight, and the product was isolated by SEC 
on Biobeads S-X3 eluting with CH2CI2. Removal of solvent 
afforded 1 1 4 mg of dendrimer 4 as a beige solid. Dendrimer 4 (84 
mg) and 3-chloro-4-tolylhydra2inium chloride (1.5 mmol, 290 
rag) were dissolved in 3 ml of glacial acetic acid containing zinc 
chloride (1.5 mmol, 204 mg) and anisole (0.6 mmol, 60 mg, 60 
/xL), and the slurry was heated overnight at 70**C. The solvent 
was removed in vacuo, and the residue was dissolved in DMF and 
purified by SEC on Sephadex LH-20. Removal of solvent 
afforded 68 mg of 5 as a tan solid. ^H NMR of 5 revealed the 
removal of the Boc-protecting group during the reaction. Den- 
drimer 5 (40 mg) was taken up in 2 ml of 9:1 MeOH/Et3N and 
heated at 50*C for 22 hr. The mixture was rotary evaporated to 
a tan film, which was taken up in MeCN. The insoluble den- 
drimer was filtered, and the light-colored filtrate was rotary 
evaporated to afford 17 rag of methyl esters 1 and lb as the major 
products, in addition to the corresponding cyclized lactams. 
Separation of the two regioisomers by reverse-phase chroma- 
tography (C-8, H20/MeCN gradient containing 0.15% triflu- 



oroacetic acid) afforded 1.7 mg of //-3-[2-(4-biphenyl)-6-chloro- 
5-methyl]indolyl-acetyI-L-lysine methyl ester (1) and 2.7 mg of 
Af-3-[2-(4-biphenyl)-4-chloro-5-methyl]indolyl-acetyl-L-lysine 
methyl ester (la) as the trifluoroacetate salts. 1 'H NMR (400 
MHz, CD3OD): 7.76 (d, 2H), 7.70 (d, 2H), 7.68 (d, 2H), 7.47 (t, 
2H). 7.38 (t, 1H),7.27 (d, IH), 7.06 (d, IH), 4.58 (ra, IH), 4.04 
(d, 2H), 3.72 (s, 3H), 2.87 (t, 2H), 2.43 (s, ^H), 1.85-1.98 (m, IH), 
1.57-1.70 (overlapping ra, 'H), 1,43 (m, 2H). la ^H NMR (400 
MHz, CD3OD): d7.78 (d, 2H), 7.75 (d, 2H), 7.68 (d, 2H), 7.48 (s, 
IH), 7.46 (t, 2H), 7.41 (s, IH). 7.36 (t, IH), 4.52 (m, IH), 3.86 
(s, 2H), 3.70 (s, 3H), 2.81 (m, 2H), 2.45 (s, ^H), 1.90 (m, IH), 1.73 
(m, IH), 1,63 (m, 2H), 1.40 (m. 2H). Dried powders were stored 
at ambient temperatures and used for preparation of stock 
solutions in 100% DMSO. Stock solutions prepared in this way 
were stored at -20**C until use and were used within a few 
months, during which no loss of activity was observed as 
determined by activities of these compounds in the EPOR- 
binding and luciferase-reporter gene assays described here. 
EMP-1, GGTYcyclo(CHFGPLTVA/C)KPQGG-amide. was 
prepared by the solid-phase method (22) on a 431A Applied 
Biosystems peptide synthesizer and dissolved in 100% DMSO. 

Cell Lines. Murine BAF3 ceils (kindly provided by Alan 
D'Andrea, Harvard Medical School, Boston), DA3 cells (kindly 
provided by Jim Ihle, St. Jude Children's Research Hospital, 
Memphis, TN), and cell lines derived from these were main- 
tained in RPMI-1640 supplemented with 10% FBS, antibiotic, 
L-glutamine (all from GIBCO/BRL), and 5 ng/ml mrL-3 (R & 
D systems) at 37**C in a humidified incubator. Human erythro- 
leukemia cell line F36 (obtained from Riken Cell Bank, Tsukuba 
Science City, Japan) and TF-1 (obtained from K. Kitamura, 
Tokyo University, Tokyo) (23, 24) were maintained in the 
above-mentioned media supplemented with hIL-3 (5 ng/ml). 

Plasmids. pET15b/hEPOR-ECD expresses the extracellular do- 
main of the human EPOR in Escherichia coli, and RcCMV/ 
EPOR expresses human EPOR in mammalian cells and will be 
described elsewhere (H.M.. unpublished data). pAH4-LUC con- 
tains six copies of the signal transducer and activator of tran- 
scription (STAT)-binding site from the interferon regulatory 
factor 1 gene cloned upstream of the herpes simplex virus- 
thymidine kinase minimal promoter and the lucif erase gene (25). 
A gene cassette conferring resistance to the antibiotic Zeocine 
(Invitrogen) was introduced at a Sail site in the pAH4LUC to 
yield pAH4LUCZ^o. 

Expression and Purification of EPO-Binding Protein in £. co/i. E. coli 
strain BL21 DE3 (Novagen) containing pET15b/hEP0R-ECD 
was used for expression of the extracellular domain of the human 
EPOR. The resulting recombinant protein was processed to yield 
the recombinant EPO-binding protein (rEBP) as described 
previously (26). An EPO-dependent lucif erase assay was used to 
further characterize the rEBP. The purified rEBP inhibited 
EPO-induced luciferase activity in this assay with an IC50 of 5-10 
nM (S.Q. and R.R., unpublished data). 

EPOR-Binding Assay. One microgram of the purified His-tagged- 
rEBP in 70 Ad of 1 X PBS [1 x PBS contains 137 mM NaQ, 2.68 
mM KCl, 1.46 mM KH2PO4, 15.8 mM sodium phosphate, pH 7.2 
(GIBCO/BRL)] containing 0.05% sodium azide was dispensed 
into 96-well high-binding microtiter plates (Costar 3922) and 
allowed to bind at 4^0 for at least 24 hr. All unbound rEBP was 
removed by washing with Ix PBS containing 0.05% Tween 20 
(Sigma), and nonspecific binding sites were blocked by incubat- 
ing with 1% BSA (Pierce) in 1 X PBS and 0.05% Tween 20. The 
plate-immobilized rEBP bound ([3-[*25i]iodotyrosyl]) EPO C^l- 
EPO) with a of *«5 nM. All competition binding experiments 
were performed in a volume of 50 fsl containing 5 nM ^^I-EPO 
(Amersham, specific activity 300-900 Ci/mmol) in IX PBS/ 
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0.5% BSA/0.05% Tween 20/0.01% sodium azide/5% DMSO 
4-/- compounds. To set up these assays, each compound was 
diluted into the assay buffer (from the stocks that have been 
prepared in 100% DMSO) to yield the appropriate compound 
concentration and added to each well of a 96-well plate. These 
reactions were incubated at 4**C for 1 6-20 hr to allow equilibrium 
binding, and unbound '^I-EPO was removed by five rapid 
washes with cold ix PBS containing 0.5% BSA. Bound radio- 
activity was counted, after addition of 100 fxi of Microscint 
(Packard)/well, in a Topcount scintillation counter (Packard). 
Under these conditions, unlabeled EPO inhibited binding of 
^25i-EPO with an IC50 of -5 nM. 

EPOR Dimerization Assay, A detailed description of this assay will 
be published elsewhere (D.B. and S.Q., unpublished work). 
Briefly, rEBP containing a protein kinase A substrate site was 
produced in E. coli as described above. This protein was radio- 
labeled by using protein kinase A and 3^P-7ATP to high specific 
actK'ity. The soluble ^^p. rEBP was allowed to interact with the 
plate-bound rEBP as described for the receptor-binding assay. 
Each reaction was performed in a 100 /xl volume containing 1- 
to 2-nM-Iabeled rEBP in 50 mM Hepes (pH 7,2)/5 mM Mg-,Cl/5 
mM Ca2Cl/0.05% sodium azide/1% BSA/5% DMS6/+/ 
-compounds) in 96-weIl microtiter plates in the presence or 
absence of 250 ng/well immobilized rEBP. After incubation for 
16-20 hr in the presence or absence of compounds, plates were 
washed, and the amount of radioactivity was determined as 
described in the EPOR-binding assay. 

Establishment of Luciferase Reporter Cell Lines in BAF3 Cells. The 

pAH4LUCZeo DNA was linearized at a Pvul site and trans- 
fected together with pH00K3 (Invitrogen) into the BAF3 cells 
by electroporation. Forty-eight hours after transfection, the ceils 
transfected with pHOOKS were separated from the untrans- 
fected cells by using magnetic beads coated with phOx per 
manufacturer's suggested protocol (Invitrogen). The isolated 
cells were plated at one cell per well in 96-well microtiter plates 
and allowed to grow in the presence of Zeocine (200 ptg/ml) for 
selection of stable transfectants. Zeocine-resistant cells were 
tested in a luciferase assay after induction with murine IL-3 to 
establish inducibiiity of the luciferase reporter gene in these 
cells. Qones responsive to murine IL-3 (BAF3/LUC cells) were 
further expanded and used for introduction of human EPOR. 
For introduction of human EPO, BAF3/LUC cells maintained 
in Zeocine were electroporated in the presence of RcCMV/ 
EPOR and selected in the presence of 200 fig/mi Geneticin 
(GIBCO/BRL) for 2 wk. The cultures were further selected in 
EPO (1 unit/ml) to obtain a pool of BAF3/LUC cells expressing 
the functional EPOR receptor. 

Luciferase Assay. Fifty thousand cells in 200 ^ of RPMI 1640 
containing 10% FBS were plated into each well of 96-well plates 
(Falcon). After 16-20 hr of incubation with cytokines or com- 
pounds, the luciferase activity was determined after addition of 
an equal volume of LucLite Reagent (Packard) and lumines- 
cence measured in a MLX Microtiterplate Luminometer (Dy- 
natech). 

Mitogenic Assay. Mouse BAF3 cells expressing human EPOR, 
DA3 cells expressing human and mouse EPOR, parental BAF3 
and DA3 cells, and human erythroleukemia cell lines F36 and 
TF-1 were plated at a density of 10,000-20,000 cells per well in 
96-well microtiter plates in RPMI 1640 containing 10% FBS. 
After 40 hr of incubation with cytokines or compounds, ^H- 
thymidine (4 ptCi/ml) was added to each well and allowed to 
incorporate into DNA for 4 hr. The ceUs were harvested onto a 
LKB Filtermat B by using a Tomtec Cell Harvester Mach 11 
(Tomtec, Orange, CT). Filtermats were dried, sealed in counting 
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Rg. 2. Inhibition of ^^^\-EPO binding to rEBP. Dose-response curve for 
inhibition of '^si-EPD binding by compounds 1, 2, and 5, Competition binding 
experiments were performed in a volume of 50 ^il containing 5 nM ^^si-gpo in 
the presence or absence of compounds and allowed to proceed for at least 16 
hr at 4'C as described in Materials and Methods. Nonspecrfic EPO binding was 
determined by performing the experiments in the presence of 1 ;tM unlabeled 
EPO and was found to be less than 10% (under these conditions, we routinely 
obtained a total of 3,000-5,000 counts per minute (cpm)/well with no com- 
pound and 200-400 cpm/well In the presence of 1 ^jlM cold EPO). The data are 
expressed as a percentage of the EPO (specific cpm) bound in the presence of 
5% DMSO but in the absence of any compound (which is considered as 100%). 
Each data point was analyzed in triplicate and is a mean (+/- SEM) of three 
independent experiments. 



bags with 23-ml scintillation rabcture, and counted on a Wallac 
(Gaithersburg, MD) 1205 Betaplate counter. 

Hematopoietic Colony Assays. Colony assays were set up by using 
human CD34+ mononuclear cells isolated from healthy donors. 
One thousand to two thousand cells were muted with 1 ml of 
methylcellulose culture medium containing FBS (StemCell 
Technologies, Vancouver), 0.4% DMSO, a mixture of growth 
factors containing granulocyte-macrophage colony stimulating 
factor (GM-CSF), IL-3, granulocyte colony stimulating factor 
(G-CSF), and stem cell factor (HC-4535-StemCell Technologies, 
Vancouver), and EPO (Epoetin Alfa, Amgen Biologicals) or 
compounds. After thorough mixing, the suspension was plated in 
35-nim gridded plates (Nunc) and incubated at 37''C in a 
humidity controlled CO2 incubator. Colony-forming units 
(CFU)-erythroid containing >50 hemoglobinized cells and 
myeloid colonies (CFU-GM) containing >50 cells were counted 
on day 12-14. Mked colonies, containing both erythroid and 
myeloid cells, were counted on day 14-16. AU assays were 
performed at Poietic Technologies, Gaithersburg, MD. 

Results and Discussion 

Compound 5, an Antagonist of EPO-Blnding to EPOR, also Induces 
Dimerization of the EPOR. To test the hypothesis that a multimeric 
form of an EPOR antagonist can function as an EPO mimetic to 
dimerize and activate the EPOR, we screened the in-house 
chemical collection for inhibitors of EPO binding to the EPOR 
using the extraceUular domain of the human EPOR as rEBP. 
This screening resulted in identification of A^-3-(2-(4-biphenyl)- 
6-chloro-5-methyl]indoly]-acetyl-L-lysine methyl ester (com- 
pound 1). Compound 1 inhibited binding of ^^I-EPO to the 
rEBP with an ICsoof 59.5 (+/- 1.1) fM (Fig. 2). Compound 5, 
a precursor in the synthesis of compound 1, consists of eight 
copies of compound 1 attached to a polyamidoamino-octa-4- 
hydroxymethyibenzamide support via a chemical linker (com- 
pound 2). When tested in the EPOR binding assay, compound 
5 also inhibited binding of ^^I-EPO to the rEBP with an IC50 of 
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ftg. 3. Dimerization of soluble EPOR. ^^P-rEBP was incubated with or 
without plate-immobilized rEBP (as In Fig. 2), in the absence or presence of 
compounds 1, 2, or 5 or EMP-1 for 16 hr at 4'C as described in Materials and 
Methods. Data represerrt specific cpm (cpm with plate-immobilized EPOR 
minus cpm without plate-immobilized EPOR) observed with each of the 
compounds. Data are a mean of two experiments (+/- SEM) performed in 
triplicate. Under these conditions, mean cpm observed in wells with no 
compounds were 147 +/- 25). 
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4.4 -f/- 1.9 fM (Fig, 2). Compound 2, the unconjugated 
dendrimer used to crosslink compound 1, did not affect binding 
of ^^I-EPO to the rEBP in this assay. The ability of compound 
5 to inhibit binding of ^^I-EPO to the rEBP suggests that 
compound 1, even when attached to an inactive central core, is 
able to interact with rEBP. 

The biological activation of EPOR requires dimerization of 
EPOR on binding of EPO to two independent chains of EPOR. 
Thus, one of several ways for a small molecule to activate the 
EPOR is to induce dimerization of the EPOR. To determine 
whether compound 1 or 5 can dimerize EPOR in solution, we 
tested these compounds in an EPOR dimerization assay. This 
assay examined the interaction of a radiolabeled form of rEBP 
(3-^P-rEBP) in solution with a plate-immobilized rEBP. In the 
absence of any dimerizing agent in the assay, the labeled receptor 
fails to attach to the plate and is easily washed off during the 
washing step (at the end of the assay). However, in the presence 
of a compound that can interact with at least two chains of 
EPOR, the radiolabeled chain would be expected to remain 
bound to the plate, resulting in increased retention of ^^P-rEBP 
in the assay. EMP-1, a 20-aa peptide, which has been shown to 
induce dimerization of this form of EPOR in solution (18), 
produces a dose-dependent increase in the retention of ^^P-rEBP 
(Fig. 3). When tested in this assay, compound 5 produced a 
dose-dependent increase (EC50 15.9 +/- 3.3 /iM) in retention 
of ^^P-rEBP, whereas compounds 1 and 2 both failed to produce 
any such increases (Fig. 3). These data suggest that even though 
compounds 1 and 5 both compete for the binding of EPO to the 
rEBP, only compound 5 is able to interact with more than one 
chain of EPOR. 

Compound 5 Induces Cellular Transcription and Proliferation in Celis 
Expressing EPOR. Binding of EPO to its cell-surface receptors 
results in the activation of cellular signaling pathways, including 
activation of janus kinase (JAK)2 and STATS (27-29). STATS 
is a transcription factor that translocates to the nucleus on 
activation and induces gene transcription (30). Lucif erase re- 
porter gene constructs containing synthetic promoters with 
STAT-binding sites have been used as markers for the activation 
of STATs in cells (31-33). To determine whether compound 5 
could interact with the EPOR expressed in mammalian cells, 
induce receptor oligomerization as seen in vitro (Fig. 3), and 



Fig. 4. Induction of luciferase activity in BAF3/LUC and BAF3/LUC/EP0R 
cells. BAF3/LUC or BAF3/LUC/EP0R cells containing a stably integrated lucif- 
erase gene under the control of a STAT-binding element were treated with 
varying amounts of EPO, IL-3, or compounds for 16 hr. The luciferase activity 
was determined as described in Materials and Methods and is expressed in 
relative light units (RLU). (A) Luciferase activity in BAF3/LUC cells. (B) Lucif- 
erase activity in BAF3/LUC/EPOR cells, expressing human EPOR. Data are a 
mean (+/- SEM) of two to three independent experiments performed in 
triplicate. Value oix axis reflects the concentration of EPO, IL-3, or compounds 
in unit/ml, ng/ml, and ^M, respectively. All assays were performed in 1% 
DMSO. Values shown above blank on graphs refer to luciferase activity 
observed in the untreated cultures in the presence of 1 % DMSO. 



activate the JAK-STAT signaling pathway, we tested this com- 
pound on BAF3/LUC cells. The BAF3/LUC cells have a stably 
integrated luciferase gene under the control of a STAT-binding 
site from the interferon regulatory factor 1 gene. This STAT- 
binding site has been shown to function in response to activation 
signals involving STATs 1-5 (2S, 34-36). Because BAF3 cells do 
not normally express EPORs, they do not manifest any biological 
response when treated with EPO; however, they can acquire 
EPO responsiveness once the EPOR is expressed ectopically (37, 
38). However, these cells do express IL-3 receptors and in 
response to IL-3 activate the JAK2 and STATS signaling path- 
way (39-41). As shown in Fig. 4, treatment with IL-3 increases 
the luciferase activity in both BAF3/LUC and BAF3/LUC/ 
EPOR cells, demonstrating that these cells are competent in 
responding to receptor-dependent activation of StatS. As ex- 
pected, EPO-dependent increases in the luciferase activity were 
observed in the EPO-treated BAF3/LUC/EPOR cells but not 
in EPO-treated BAF3/LUC cells. When tested in these cells, 
compound 5 induced increases in the luciferase activity only in 
the BAF3/LUC/hEPOR cells with an EC50 of 1.2S /lM. No such 
increases were observed in BAF3/LUC cells (Fig. 4). Moreover, 
neither compound 1 nor compound 2 induced any increases in 
the luciferase activity in either of these two ceU lines. The 
decrease in the luciferase activity observed at higher concen- 
trations of compound 5 may be caused by toxicity or by the 
engagement of EPOR in a 1:1 (EPOR/compound) complex, 
thus preventing the formation of EPOR dimers needed for the 
activation of the JAK-STAT pathway. Formation of this 1:1 
receptor/ligand complex at high ligand concentration has been 
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Table 1. Induction of CFU-erythroid colonies by EPO and 
compound 5 

Avg. no. colonies 
per treatment 



Rg. 5. Mitogenic responses in BAF3 and BAF3/hEPOR cells. BAF3 or BAF3/ 
hEPOR cells were treated with different amounts of EPO, IL-3, or compounds 
for 48 hr. ^H-thymidine incorporation, as an indicator of cell proliferation, was 
measured after addition of 4 fiCi/ml of ^H-thymtdine during the lart 4 hr of 
Incubation, as described in Materials and Methods. {A) Amount of ^H- 
thymidine incorporated in BAF3 cells after different treatments. (S) Effect of 
same in BAF3 cells expressing human EPOR. Data represent mean (+/- SEM) 
of two to three experiments where each determination was made in triplicate. 
Value of X axis reflects the concentration of EPO, lL-3, or compounds in 
unrts/ml, ng/ml, and /LtM, respectively. All assays were performed in 1% 
DMSO. Values shown above blanic on graphs refer to level of radioactivity 
incorporated in the untreated cultures in the presence of 1% DMSO. 



shown to inhibit the activation of growth hormone and EPORs 
by their respective ligands (17, 42). 

BAF3 cells are known to proliferate in the presence of IL-3 
and a number of other cytokines, including EPO, provided that 
the receptors for these cytokines are expressed in these cells. The 
increased proliferation results in increased incorporation of 
nucleotides, such as a thymidine, into DNA, which can be 
measured by using -''H-thymidine. Much like what was observed 
for the lucif erase reporter gene activation, IL-3 induced in- 
creases in the ^H-thymidine incorporation in both BAF3 and 
BAF3 /hEPOR cells, but EPO induced these increases in BAF3/ 
hEPOR cells only (Fig. 5). When tested in these cells, compound 
5 induced ^H-thymidine incorporation in BAF3 /hEPOR cells 
but not in parental BAF3 cells, similar to the response to EPO. 
However, compound 2 failed to show any activity in the assay 
(because of lack of activity in the EPOR dimerization and 
lucif erase reporter gene assay, compound 1 was not evaluated in 
this or any subsequent assays), and again compound 5 showed a 
decreased activity at higher concentrations, which could be 
caused by nonspecific cellular toxicity or unproductive engage- 
ment of receptors (as suggested above). BAF3 cells require the 
presence of a cytokine such as IL-3 even for survival in cell 
culture, thus making it difficult to distinguish between these two 
possibihties. However, this phenomenon is not limited to BAF3 
cells, because we have oljserved similar inhibition at high 
concentrations in D A3 /hEPOR cells, another murine cell line, 
as well as in F36E and TF-1 ceDs, two cell lines of human origin 
known to respond to EPO via the endogenous EPOR (23, 24). 
Moreover, we have observed a compound 5-dependent inhibi- 
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Human CD34+ progenitor cells (1.5 x lO^/plate) were plated in semisolid 
media to allow growth of erythroid colonies and GM colonies. Colonies of 
each type were counted after 12-15 days of seeding under each condition. 
Data are mean (SEM) of two independent experiments, where each determi- 
nation was performed in triplicate. 



tion of IL-3-induced thymidine incorporation in BAF3 cells 
lacking the EPOR (S.Q. and R.R., unpublished observation), 
which supports the notion that the toxicity of compound 5 is 
nonspecific and independent of the EPOR. More experiments 
will be needed to sort out this phenomenon. Regardless of the 
complexity in the interpretation of the data at higher doses of 
compound 5, these data still demonstrate that compound 5 
interacts with the EPOR expressed on the cell surface, resulting 
in induction of EPO-like activities. 

Compound 5 Induces Differentiation of Human Progenitor Cells into 
Cells of Erythrocytic Lineage. EPO induces differentiation of he- 
matopoietic progenitor cells into mature erythrocytes in vivo. 
However, in tissue culture conditions, only a part of this process 
is recapitulated. Progenitor cells isolated from peripheral blood 
or bone marrow when cultured in vitro in semisohd media can 
grow into morphologically distinct colonies (each colony being a 
product of single progenitor cell), depending on which growth 
factor is present in the media. For example, it is well known that 
EPO, in the presence of stem cell factor and IL-3, induces the 
formation of colonies known as CFU-E (Colony Forming Unit- 
£rythroid), which are easily identified microscopically because 
of the hemoglobin iza tion of cells in the colony. Cells isolated 
from human peripheral blood by using an anti-CD34 antibody 
(CD34"^ cells) are more advanced progenitors capable of dif- 
ferentiation into erythrocytes in the presence of EPO and into 
granulocytes and macrophages in the presence of G-CSF and 
GM-CSF (43, 44). We used these cells to examine the ability of 
compound 5 to replace EPO in promoting differentiation of 
these progenitor cells into erythroid colonies in vitro. Cells 
plated in the presence of growth factors (stem cell factor, IL-3, 
GM-CSF, and G-CSF) alone did not develop into erythroid 
colonies, even though these were able to form colonies of GM 
progenitor cells (CFU-GM) indicating the viability of these 
isolated cells (Table 1). However, addition of EPO to the mixture 
of growth factors induced formation of erythroid colonies in a 
dose-dependent manner. Under the same conditions, compound 
5 also induced erythroid colonies, whereas compound 2 did not 
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induce erythroid colonies and did not inhibit the formation of 
GM colonies. Moreover, no morphological differences could be 
observed between the EPO-induced erythroid colonies or the 
compound-induced erythroid colonies. These data confirm that 
compound 5 is an EPO mimetic capable of inducing the prolif- 
eration and differentiation of human erythroid progenitor cells. 

In summary, we have reported on the identification and 
characterization of an EPOR antagonist, which when presented 
in a multivalent configuration induced biological responses 
similar to what is normally observed with EPO. Although the 
potency of the activities observed with this compound is only a 
fraction of what is expected of EPO, it does validate the concept 
that the EPOR, and by extension most cytokine receptors, can 



be ligated together in an active conformation by a nonpeptidyl 
molecule. The only requirement is that the smaU molecule must 
be able to interact with both chains of the receptor. This paper 
also lays out a basic strategy for identifying cytokine mimetics by 
converting an antagonist into an agonist. 
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A Small, Nonpeptidyl Mimic of 
Cranulocyte-Colony- 
Stimulating Factor 

Shin-Shay Tian.* Peter Lamb,*t Andrew C. King, 
Stephen G. Miller, Linda Kessler, Juan i. Luengo, Laurie Averill, 
Randall K. Johnson, John C. Cleason, Louis M, Pelus, 
Susan B. Dillon, Jonathan Rosen 

A nonpeptidyl small molecule SB 247464, capable of activating granulocyte- 
colony-stimulating factor (C-CSF) signal transduction pathways, was identified 
in a high-throughput assay in cultured cells. Like C-CSF, SB 247464 induced 
tyrosine phosphorylation of multiple signaling proteins and stimulated primary 
murine bone marrow cells to form granulocytic colonies in vitro. It also elevated 
peripheral blood neutrophil counts in mice. The extracellular domain of the 
murine C-CSF receptor was required for the activity of SB 247464, suggesting 
that the compound acts by oligomerizing receptor chains. The results indicate 
that a small molecule can activate a receptor that normally binds a relatively 
large protein tigand. 



Activation of transmembrane receptors for 
growth factors and cytokines occurs when oli- 
gomerization of receptor chains is triggered by 
binding of a protein ligand to a specific ligand- 
binding domain on the receptor (J, 2). The 
resultant clustering of tyrosine kinase domains 
on the cytoplasmic side of the receptor initiates 
a series of signal transduction events that ulti- 
mately alter cellular phenotype. Receptors can 
also be activated by bivalent receptor antibodies 
(2, 3) and by dimeric peptides that interact with 
the ligand binding domain (4)y which also in- 
duce receptor oligomerization. Activation of 
receptors by small, nonpeptidyl molecules ame- 
nable to chemical synthesis would make possi- 
ble the development of orally available growth 
factor and cytokine mimics. 

The protein honnone granulocyte- colony- 
stimulating factor (G-CSF) has a primary role 
in the production and activation of cells of tiie 
granulocytic lineage (5). Recombinant G-CSF 
is used to treat a variety of congenital and 
iatrogenic human neutropenias (6). Binding of 
G-CSF to its receptor triggers receptor ho- 
modimerization, which leads to activation of 
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two members of the JAK family of protein 
tyrosine kinases, JAKl and JAK2, which asso- 
ciate with the cytoplasmic domain of die recep- 
tor (7, 8). The activated JAKs phosphoiylate 
tyrosine residues on the cytoplasmic face of the 
receptor, which flien serve as the binding sites 
for signaling proteins. The JAKs are then pre- 
sumed to phosphorylate the receptor-associated 
proteins, among which are the STATs (signal 
transducers and activators of transcription). Af- 
ter phosphorylation on tyrosine, the STATs 
dimerize, translocate to the nucleus, and bind to 
specific DNA sequences in the promoters of 
responsive genes, thereby regulating transcrip- 
tion (7. 9. 10). 

We developed a high-throughput, cell- 
based screen to detect compounds that acti- 
vate the G-CSF receptor. The screen relies on 
a reporter gene driven by a synthetic STAT- 
responsive promoter that is stably transfected 
into a G-CSF-responsive cell line. We isolat- 
ed a drug-resistant clone of the murine my- 
eloid cell line NFS60 that contained a G- 




SB 247464 



Fig. 1. Structure of SB 247464. The benrimid- 
azole groups are arbrtrarily shown in the trans 
configuration. 



CSF-responsive reporter construct consisting 
of four copies of a synthetic STAT-binding 
element linked to a minima] promoter and the 
gene for luciferase (77). This clone, 4B6, 
exhibited a 20-fold increase in luciferase ac- 
tivity in response to G-CSF 2m d a pattern of 
JAK and STAT activation similar to that seen 
in the parental OTS60 cells (P). For screen- 
ing, 4B6 cells were exposed to individual 
synthetic organic compounds at a concentra- 
tion of 10 \xM^ and one compound, SB 
247464 (Fig. 1), was selected for further 
study. In the luciferase assay, SB 247464 (1 
\iM) had an efficacy 30% of that of G-CSF 
and exhibited a biphasic dose-response curve 
(Fig. 2). The activity of SB 247464 was 
evaluated on a second NFS60-based stable 
cell line, RSVluc, ^ich contains stably in- 
tegrated copies of a reporter plasmid that 
produces luciferase constitutiveJy (72). The 
level of luciferase activity in this line is not 
affected by G-CSF or SB 247464 {13). Like- 
wise, SB 247464 had no effect in stable cell 
lines containing STAT-responsive reporters 
that increase luciferase activity in response to 
either erythropoietin, interferon a, or interfer- 
on 7 (7i). 

We tested whether SB 247464 caused ac- 
tivation of signal transduction pathways nor- 
mally activated by G-CSF. Proteins from ly- 
sates of NFS60 cells treated with SB 247464 
or G-CSF were precipitated with antisera to 
JAKl. JAK2, G-CSF receptor, STAT3, or 
STATS and detected with an antibody to 
phosphotyrosine. Like G-CSF, SB 247464 
caused tyrosine phosphorylation of both 



1600 




Concentration, M 



Fig. 2, Activity of C-CSF and SB 247464 in 
NFS60 cell luciferase assays. Dose-response 
curves are shown for C-CSF and SB 247464 in 
NF560 cells containing a G-CSF-responsive re- 
porter Cytokine-independent NFS60 cells con- 
taining a stably integrated G-CSF-responsive 
luciferase reporter plasm id were plated In 96- 
well plates in Roswelt Park Memorial Institute 
(RPMI) 1640 media containing fetal bovine se- 
rum (FBS) (0.5%), then treated with the indi- 
cated concentration of human G-CSF (▲) or SB 
247464 (□) in the presence of 0.1% dimethyl 
sulfoxide (DMSO) for 2.5 hours. Celts were 
lysed. and luciferase acth^ity was measured. All 
determinations were made in triplicate. 
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JAKl and JAK2 (Fig. 3 A). SB 247464 also 
caused tyrosine phosphorylation of the G- 
CSF receptor, but not the interleuldn-3 CIL-3) 
receptor (Fig. 3B). Both G-CSF and SB 



247464 induced tyrosine phosphorylation of 
STAT3 and STATS (Fig. 3C). The two bands 
that became tyrosine phosphorylated in the 
STAT3 immunoprecipitations represent 
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Fig. 3. Phosphorylation of signaling proteins in 
cells treated with SB 247464 or G-CSF. (A) 
Tyrosine phosphorylation of JAKs. Preparation 
of lysates and immunoprecipitations was done 
as described (70). NFS60 cells were treated 
with G-CSF (10 ng/ml) or 1 \x,M SB 247464 for 
10 min, or were left untreated. Proteins from 
lysates were immunoprecipitated with anti- 
liodies to either JAKl or JAK2 (Pharmingen). 
Immunoprecipitated proteins were separated 

by electrophoresis (8% gel), blotted onto a membrane, and detected with an antibody to 
phosphotyrosine (4C10, Upstate Biotech, Lake Placid, NY). (B) Tyrosine phosphorylation of the 
G-CSF receptor. NFS60 cells were treated for 10 min with G-CSF (10 ng/ml), IL-3 (10 ng/ml), IL-6 
(10 ng/ml), or 1 jjlM SB 247464 in RPMI containing FBS (0.5%) and 0.1% DMSO. Lysates were made 
and processed as in (A), except that a polyclonal antisera to the cytoplasmic domain of the murine 
G-CSF receptor (75) or to the p -chain of the IL-3 receptor (Santa Cruz) was used for immunopre- 
cipitations. (C) Tyrosine phosphorylation of STAT proteins. NFS60 cells in RPMI containing FBS 
(0.5%) were treated with G-CSF (10 ng/ml) or 1 p,M SB 247464 for the indicated times, or were 
left untreated. Lysates were prepared and immunoprecipitated as described in (A) with antibodies 
to either STAT3 Q. DamelL Upstate Biotechnology) or STATS (Santa Cruz). 



STAT3 isoforms The time course of 
STAT activation in response to SB 247464 or 
G-CSF was very similar. 

We tested whether ectopic expression of the 
murine G-CSF receptor was sufTicient to confer 
sensitivity to SB 247464 on nonresponsive 
cells. The human megakaryocytic cell line 
UT7Epo (15) does not express the G-CSF re- 
ceptor, and STATs were not activated after 
G-CSF or SB 247464 treatment (Fig. 4A). 
However, UTTEpo cells stably transfected wiA 
an expression vector containing the murine G- 
CSF receptor cDNA (JO, 16) became respon- 
sive to both G-CSF and SB 247464, demon- 
strated by the induction of STAT-DNA com- 
plexes (Fig. 4A). Transfection of the human 
hepatoma cell line HepG2 (17) with a murine 
G-CSF receptor expression vector also con- 
ferred sensitivity to either G-CSF or SB 
247464, as measured using a STAT-responsive 
luciferase reporter (Fig. 4B). 

In a number of human myeloid G-CSF- 
resp)onsive cell lines, SB 247464 failed to show 
measurable activity as judged by induction of 
activated STATs or G-CSF early response 
genes (/5). This is in contrast to the lack of 
mouse-human species specificity exhibited by 
G-CSF itself We exploited the species speci- 
ficity of SB 247464 to determine \?^eflier it 
requires the extracellular or intracellular do- 
main of the murine G-CSF receptor for activity. 
A chimeric murine-human G-CSF receptor was 
constructed by replacing the sequences encod- 
ing the extracellular domain and part of the 
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Fig. 4. The murine G-CSF receptor confers re- 
sponsiveness to SB 247464. (A) UT7Epo ceils 
(G-CSF r -ve) and UT7Epo cells stably trans- 
fected with the murine C-CSF receptor cDNA 
(G-CSF r +ve) were treated with G-CSF (10 
ng/ml) or 1 p,M SB 247464 for 30 min, or were 
left untreated. Nuclear extracts were prepared 
and incubated with a radiolabeled STAT-bind- 
ing element and STAT DNA complexes were 
separated from unbound DNA by nondenatur- 
ing gel electrophoresis. The gel was dried and 
exposed to x-ray film. (B) HepC2 cells were 
transfected with either 4xlRFtkluc (reporter) or 
with 4xlRFtkluc plus a veaor directing the ex- 
pression of the murine G-CSF receptor (70, 76) 
by the calcium phosphate method Transfected 
cells were allowed to recover overnight then 
were treated for 4 hours with either 10 ng/ml 
G-CSF (white bars) or 1 piM SB 247464 feray 
bars). Control transfected cells were left un- 
treated. Cells were then lysed, and luciferase 
levels were determined. Fold inductions were 
calculated by dividing the activity present in 
treated cells by that present in untreated cells. 
All transfections were performed in triplicate. 
(C) Domain structure of murine and chimeric 

G-CSF receptors. The location of the extracellular, cytoplasmic, and 
transmembrane (TM) domains are indicated. In the chimeric receptor, 
murine sequences are shown in white and human sequences are in 
black. The chimeric murine-human G-CSF receptor construct A was 
obtained by replacing the extracellular domain and the first 11 amino 
acids of the transmembrane domain of the human receptor with the 
Hind III (nucleotide 165) to Sea I (nucleotide 2087) fragment of the 
murine receptor(76). The chimeric receptor construct B was obtained 
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by replacing the NH^-terminal half of the extracellular domain of the 
human receptor (up to amino acid 339) with the Hind III (nucleotide 
165) to Pml I (nucleotide 1199) fragment of the murine receptor, (D) 
The chimeric receptor constructs or the wild-type murine receptor 
construct were transfected into HepC2 cells with the 4xlRFticluc 
reporter, treated, and processed as described in (B). Response to 
G-CSF is shown by the white bars; response to SB 247464 is shown by 
the gray bars. 
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transmembrane domain of the human receptor 
with the coiresponciing miirine sequences (Fig. 
4C). This chimraic construct was then trans- 
fected mto HepG2 cells together with a STAT- 
responsive reporter. Th& chimeric receptor con- 
struct conferred a response to both G-CSF and 
SB 247464 on the HepG2 cells (Fig. 4D). This 
result implies ^t SB 247464 requires tfie ex- 
tracellular domain of the mtirine G-CSF recep- 
tor for activity, A construct in which the NH^- 
terminal half of the extracellular domain com- 
prising the G-CSF binding region (75) is mu- 
rine in origin, and the remainder of the receptor, 
which is human, did not confer responsiveness 
to SB 247464. This shows that the murine 
G-CSF receptor sequences required for SB 
247464 activity are distinct from those required 
for G-CSF binding, 

G-CSF normally acts on granulocytic pre- 
ctirsor cells in the bone marrow, supporting 
their proliferation and differentiation. In a 
primary marrow colony-forming unit- granu- 
locyte (CFU-G) assay (/P), G-CSF and SB 
247464 supported the fonnation of granulo- 
cytic colonies (Fig. 5). The peak efficacy of 
SB 247464 varied between 25 to 80% of that 
of G-CSF in different experiments. Colonies 
stimulated by SB 247464 appeared uniformly 
smaller than those stimulated by G-CSF, but 
were consistently larger than 30 cells. 

Subcutaneous administration of 50 p,g of 
G-CSF per kilogram of body weight twice a 
day to normal mice results in a fourfold in- 
crease in peripheral blood neutrophil counts 
after 4 days (Fig. 6). SB 247464 also caused a 
dose-dependent increase in peripheral blood 
neutrophils. No significant changes were noted 
in other blood cell populations. The efficacy of 
SB 247464 at 30 mg/kg is equivalent to that of 
50 fJLg/kg of G-CSF, raising neutrophil counts 
approximately foinfold over baseline (Fig. 6). 
This fold-increase is equivalent to the increase 
seen when 5 to 30 jig/kg/day of G-CSF is 
administered to normal or neutropenic humans. 

G-CSF, like other cytokines in the same 



family, acts by triggering dimerization or higher 
order oligomerization of its receptor chains {2, 
20). The precise mechanism by whidi it does 
this is unclear, as is the mechanism by v/hich 
SB 247464 is able to mimic the protein cyto- 
kine G-CSF. However, the fact that SB 247464 
rabidly activates early events in the G-CSF 
signal transduction pathway, together with the 
abihty of the transfected murine G-CSF recep- 
tor cDNA to confer both G-CSF and SB 
247464 response to nonresponsive cells, shows 
that SB 247464 acts throu^ the receptor. The 
twofold rotational symmetry of SB 247464 is 
compatible with a model in which it fimctions 
in some way as a ligand to effect dimerization 
of G-CSF receptor chains. This model of SB 
247464 action would account for the biphasic 
dose response, as has been described for growth 
hormone (2). Although in longer term assays 
SB 247464 appears toxic at the highest concen- 




Rg. 6. Granulopoietic activity of SB 247464 in 
vivo. Female BDF-1 mice were given subcutane- 
ous injections twice daily, of either G-CSF (50 
J^g^*tg) in phosphate-buiFfered saline or SB 
247464 dissolved in acidified HJD (pH 4.0). Con- 
trol animals received only acidified H^O. After 4 
days, blood was drawn and the number of neu- 
trophils were counted using a Technicon hema- 
tology analyzer. Each bar represents the average 
of frve mice; enror bars show SEM. Asterisks indi- 
cate neutrophil counts that differ from those in 
untreated controls with a P < 0,001 by analysis 
of variance. 



trations used, this is not seen in short-temn 
assays, indicatmg that the shape of the dose- 
response curve is not simply due to toxicity. 

The discovery of SB 247464 demonstrates 
that a small, nonpeptidyl molecule is capable 
of inducing activities normally associated 
with a protein hormone, both in vitro and in 
vivo. Our findings indicate that a small mol- 
ecule can trigger the activation of a large 
(—120 kD) receptor protein that requires 
dimerization for activation, through a domain 
not involved in binding the natural ligand. 
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GCSF, ngfnd SB 247464, 

Rg. 5. Granubcytic colony fomiation in response to SB 247464 in vitro. Bone marrow cells (100,000 
cells per OS ml) obUined from female CS7BVS mice were incubated with either G-CSF or SB 247464 
in McCoy's 5a media containing with FBS (15%) and 03% agar for 7 days at 37*C in a humidified 
incubator. Colonies of cells (>30 cells) were counted by microscopy. Data shown are the relative 
number of CFU-C colonies per 10^ cells induced by each treatment The relative number of colonies is 
the number of colonies in cultures of treated cells minus the number of colonies fomned by control, 
untreated cells. Error bars indicate the standard error of the mean (SEM; n = 6). 
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Abbreviations 

CID chemical inducer of dimerization 

FXBP12 FK506-binding protein 12 
G-CSF granulocyte colony-slimulating factor 
PDGF platelet-derived growth factor 
TCR T ceB receptor 



Introduction 

Proximicy effects arc an essential part of cellular signal trans- 
duction [1,21. Proteins regulated by inducible dimcrization 
or co-localization are directly involved in critical processes 
such as cell proliferation, diffcrcntiadon and apoptosis [3]. 
In addition to transcription factors and cytoplasmic signaling 
proteins, a large class of proximity-regulated molecules 
includes the cell-surface receptors for hormones, cytokines 
and growth or differentiation factors [4). In many cases, the 
natural ligands for these receptors are rotationally symmet- 
ric homodimers (see Figure la), A recent report in Scunce [5] 
reveals the discovery of a novel small molecule, SB247464, 
which acts as a molecular dimerizcr, activating one such 
receptor by mimicking the action of die polypeptide hor- 
mone granulocyte colony-stimulating factor (G-CSF). This 
commentary aims to illustrate die importance of this finding 
to the design and discovery of dimerizcr reagents, both from 
a historical perspective and with an eye toward the future. 

Bivalent antibodies 

The most well known dimerizcr reagents arc the antibod- 
ies produced naturally by the immune system (Figure l b). 
The molecular genetics of immunoglobulin production 
require that mature, functional antibodies be bivalent in 
their antigen-binding properties 16). Not surprisingly, 
immunologists performed some of the eariiest experi- 
ments using dimerizers. Antibodies to T cell receptor 
(TCR) subunits and other surface antigens have long 
been used by researchers to mimic antigen presentation or 
other stimuli normally provided by another cell. For 
example, experiments with combinations of bivalent anu- 
bodics and monovalent antibody fragments were used to 
show that aggregation of the TCR complex on the surface 
of T lymphocytes is necessary and sufficient to stimulate 
the calcium flux required for T cell activation [71. 

Studies using antibodies as receptor agonists have identi- 
fied proximity effects that, depending upon the cell type 



and circumstances, result in cither induction or inhibition 
of cell proliferation, tn a prolactin-de pendent cell line, anti- 
bodies to the prolactin receptor were sufficient to induce 
phosphorylation of a receptor-associated kinase, JAK2 
(Janus kinase 2), and to promote cell proliferation [8). 
Autocrine proliferation of a squamous cell carcinoma line 
was inhibited by antibodies to the epidermal growth factor 
receptor. This inhibition is a consequence of receptor 
dimcrization and internalization, though it docs not seem to 
require receptor phosphorylation [9]. Human crythroid'cell 
precursors formed erythroid colonies in culture in response 
to antibodies to the erythropoietin receptor [10]. In each of 
these cases, monovalent fragments derived from the anti- 
bodies failed to mediate similar effects. 

While these studies support dimcrization as a mechanism for 
activating various growth and differentiation factor receptors, 
the utility of antibodies as molecular dirherizers is limited. 
The production of antibodies is relatively time-consuming, 
and the generation of highly specific antibodies that activate 
a particular receptor "is by no means guaranteed. Furthermore, 
as both proteins and immunogens, antibodies arc potentially 
less useful therapeutically than small organic molecules (the 
immune system is specifically geared to mount a response to 
protein antigens). Thb final limitation is similariy applicable 
to the use of protein fragments or peptides as receptor lig- 
ands, despite much promising work in this area [1 1 ). 

Chemical inducers of dimerization 

Three small-molecule immunosuppressants, FK506, 
cyclosporin and rapamycin, represent another class of natu- 
rally occurring dimerizers (Figure Ic). These compounds 
each mediate the association of a small protein, called an 
immunophilin, with a cellular regulatory protein. An inter- 
esting three-way relationship exists between these 
heterodimerizers. FK506 binds FK506-binding protein 12 
(FKBP12), and this complex subsequendy binds the cellular 
phosphatase calcineurin, inhibiting its enzymatic activity. 
This inhibition abolishes the ability of calcineurin to pro- 
mote nuclear translocation of NFAT (nuclear factor of 
activated T cells) , a transcription factor required for lym- 
phocyte activation. Calcineurin phosphatase activity is also 
inhibited by cyclosporin, but only in complex with an inde- 
pendent immunophilin, cyclophilin [12). Like FK506, 
rapamycin mediates its immunosuppressive effects in com- 
plex with FKBP12, but in this case, the complex binds and 
inhibits the protein kinase FRAP (FKBP12-rapamycin-asso- 
dated protein) [13]. 

Since the elucidation of their mechanisms, these chemical 
inducers of dimcrization (CIDs) have provided valuable 
information about the signaling pathwa^-s in which both 
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Schematic representation of molecular dimerizers. Representations 
of various dimerirer reagents discussed in the text are depicted. In 
each case, the dimerizer is shown in Rme-green, the ertracellular 
domain of the receptor in blue, and the intracellular domain m red. 
Specific experimental readouts have been denoted to illusfrate how 
dimerization is detected, (a) G-CSF dimer binding to two G-CSF 



receptors, (b) Bivalent antibody binding to two prolactin receptors, 
(c) FKBP12-FK506 binding to calcineurin. FKBP12. dark-green; 
calcineurin, purple, (d) FK1012 binding two chimeric PDGF 
receptors; FKBPl 2. dark-green, (e) 58247464 binding two G-CSF 
receptors, (f) Combinatorial dimerirer binding two target receptors. 



calcineurin and FRAP function. Each of these molecules has 
been subjected to chemical dcrivatizaoon to investigate the 
structural basis of its binding interactions. From such 
research has emerged a collccdon of small molecules with 
reduced or absent immunosuppressive activity; Mutagenesis 
strategies have proven successful in engineering the protein 
components of these complexes to restore binding to certain 
derivatized ClDs 114,15]. These soiled 'bump-hole' s^-s- 
tcms allow signal transduction to be studied without the 
complications associated wth the inhibitory effects of ±c 
natural immunosuppressive complex. Natural and syntheac 
CIDs have been used to stud^• transcripaonal irutiaoon and 
reinitiation, nuclear import and export, receptor dimenza- 
tion, and recruitment to the plasma membrane [3]. 

Symmetric dimerizers 

Among the CIDs employed to probe cellular proximity 
effects arc a varicr\' of symmetric dimers of FK506, 
concctively cafled FKl 01 2 11 6,1 7J. Such molecules hax c been 



used to provide conditional control over TCR acti\'ation in a 
manner analogous to the use of bivalent antibodies to this 
receptor [18]. In addition, FKl 012 has been used to study the 
activadon of the platelet-derived growth factor (PDGF) 
receptor (Figure Id) [19]. HEK293 embryonicWdng^^ 
equipped with membrane-localized fusbn&-ofFKBPl2to the 
cytoplasmic domain of the PDGF receptor were shown to 
undergo phosphorylation of the receptor chimeras, as well as 
activadon of both mitogen-acri\'ated protein kinase and p70 
S6 kinase, in a dosc-dependcnt response to FKl 01 2. (These 
biochemical events arc pan of the normal signaling pathway 
bvolved in PEXJF actix arion.) In addition, FK1012 induced 
mesoderm formation in Xatopus embryo cxplants harboring 
this chemical-conditional allele of the PDGF rcceptot 

In the report by Tiznaai. [51 SB247464 is first shown to 
activate luciferase reporter gene activity under the conuol 
of a G-CSF-rcsponsivc promoter (Figure le). The ampli- 
tude of such activation is about half that for G-CSF, and 
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Che effective conccncracion required for half-maximal acti- 
vacion is several orders of magnitude higher. The internal 
svmmetry of SB247464 and the biphasic nature of its 
dose-response in the lucifcrase assay, however, suggest a 
rricchanism involving receptor dimcrization. Furthermore, 
ectopic expression of the G-CSF receptor confers 
SB247464 sensitivity to an otherwise insensitive cell hne^ 
Experiments using chimeric human and murine G-CSF 
receptors demonstrate both that SB2474W is specific for 
the murine receptor and that ligand binding occurs extra- 
ccllularlv in a domain disrinct from that for G-CSl- 
binding.' Finally, SB247464, like G-CSF itself, is capable 
of inducing granulocytic colonics in cell culture and of 
srimulating a fourfold increase in peripheral blood neu- 
trophil counts in mice. 

Tizrx.et aL [5] demonstrated the same fundamental princi- 
ple as the study of PDGF receptor signaling using FK1012. 
Dimerization, even induced artificially, is sufficient to 
mediate the activation of some cell surface receptors. In 
both cases, sufficient mimicry of the natural cytokine by a 
CID was observed to warrant use of the dimcrizer to probe 
further the pathway in qucsrion. The "^^eriying signifi- 
cance of the G-CSF study resides in the fact that SB247464 
is a serendipitous dimcrizer. The invesrigators developed a 
method to assay any small molecule for agonists of the 
G-CSF pathway. The sarisfying outcome of the work of 
these authors [5] is that a screen of many compounds, with 
no bias toward symmetric molecules, idenrified a rotation- 
allv symmetric small molecule whose target is a member of 
a dimerizcr-induciblc sapcrfamily of proteins. Such a result 
validates previous work in deliberate dimcrizer design. 

Combinatorial dimerizers 

One of the key advantages that a molecule such as 
SB?474M has over one such as FK1012 is that SB2474f>4 
docs not require gencrically engineered alleles of the recep- 
tor in order to produce a biological response. This 
requirement represents one limitation in the design of 
dimerizers based upon immunosuppressant-immunophilin 
interactions. W^ile genetically engineered proteins allow 
tissue specificity to be addressed more directly, not all 
fusion proteins involving immunophilins will fold or func- 
tion propcriv, nor will all acrivc fusion proteins dimenzcd m 
this wav lead to physiologically meaningful interacuons. 
The faci that SB247464 apparendy acts via receptor dimcr- 
izarion suggests the svnthcric attainability of a wide range of 
receptor dimerizers. What is needed is a mechanism for the 
design and discovery of other such molecules, including the 
means to screen such molecules in funcrional cellular assays. 



Recent efforts both in the generation of recombinant pep- 
tide libraries and in the synthesis of combinatonal hbrancs 
of natural product-like molecules suggest an avenue for the 
production of dimcrizer libraries (Figure lO [11.20,21]. In 
such a system, a rotadonally symmetric template might be 
attached to the solid phase, dien subjected to muluplc 
rounds of chemical transformation using panels of building 



blocks, each round preceded by a pof>l-split step to ensure 
the maximum diversity of products (22.231. The resulting 
molecules would each be bivalent, since attachment to the 
solid phase would result in exposure of symmetric moicrics 
to the same set of reagents in each round [241. By generat- 
ing a large number of molecules in this way, we improve our 
chances of finding specific agonists for cell surface receptors. 

A complementary problem to dimcrizer ligand design is 
the development of assay methods to screen extremely 
large libraries of synthetic compounds with high effi- 
ciency and throughput [25-281. In the case of the 
SB247464 report [51, the assay was developed using a 
reporter gene driven by a promoter known to be rcspori- 
sive to the growth factor of interest. In principle, this 
provides a good way to identify activators of a particular 
pathway, but oprimally requires the unlikely one-to-one 
correspondence between promoter and pathway. One 
hopeful note regarding assay development for receptor 
agonists is the idea that full receptor occupancy is 
unlikely to be required in order to achieve a detectable 
signal. In other words, many readouts (such as reporter 
gene activation) probably require only a small fraction of 
a receptor population to be dimerizcd due to signal 
amplicarion by the cell. Nevertheless, many receptors 
and their dimerization-inducibic processes remain poor- 
Iv characterized, suggesting the need for more general 
screens that do not require advance knowledge of the 
details of a particular pathway. 

Conclusions 

Beginning with the historical efforts in immunology to 
cross-link cell surface receptors as a means of studying 
lymphocyte activation, dimcrizer research has grown to 
encompass a diverse set of tools for inducing proximity 
between proteins. Natural growth factors have been win- 
nowed or emulated in the search for peptides with 
dimcrizer properties, though the caveats associated with 
such immunogenic molecules remain a concern. Inspired 
by the natural immunosuppressant heterodimcn/ers, 
both nonimmunosuppressive derivarivcs, as well as syn- 
thetic homodimerizcrs, have been designed. While these 
molecules have shed light on several biological process- 
es in cell culture, their ultimate utility in animals is 
limited by the need to engineer proteins for responsive- 
ness to these ligands. 

The discovery- of SB247464 hemlds yet another phase in 
dimcrizer design, providing for the first rime conclusive 
evidence that a small nonpepridyl ligand. prepared by 
organic synthesis, can mimic the effects of a natural growth 
factor. In the future, screens for such agonists will involve 
probes for more general readouts of receptor acrivauon, 
such as differences in post-translarional modification, read- 
ily detccublc morphological chariges, or effects on 
proliferadon or survival. Assay methods based on immun- 
odetection may return us to the roots of research involving 
dimcrizer reagents. This rime, however, we arc armed with 
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the results of many valuable studies that have laid the 
groundwork for preparing a new set of molecular tools. 
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